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Abstract 
 
Understanding the significance of crack closure is essential to analyse the behaviour of 
fatigue cracks in high-strength aircraft metallic alloy materials and structures.  Closure is 
caused by a number of mechanisms including plasticity, roughness and debris build-up.  
Plastic deformations associated with the crack-tip singularity are the most dominant 
mechanism.  But in certain regimes, such as near the threshold for crack growth, and for 
some materials, such as β-annealed Ti-6Al-4V ELI and 7050-T7451, other mechanisms such 
as roughness induced closure become important.  The objective of the work presented here 
was to better understand the contribution of the roughness mechanism for a range of 
materials, and to develop suitable analytical methods to correlate the behaviour.  Fatigue 
crack growth experiments were conducted for a range of materials under constant 
amplitude and spectrum loading, and closure levels were measured and/or inferred.  
Experimental data from the literature were also used where appropriate.  Extreme cases of 
roughness were investigated, from 7249-T76511 which exhibited very smooth and flat 
crack surface morphology, through to β-annealed Ti-6Al-4V ELI which exhibited very 
rough and tortuous crack surfaces. Other materials in between those extremes included 
7075-T6 and 7050-T7451.  
 
Compression pre-cracking methods were used extensively to ensure that threshold region 
crack growth rate data would be obtained as accurately as possible, and several methods 
for performing the load reduction to threshold were also investigated.  Compliance based 
crack closure measurements were also used extensively, both to assist in characterising the 
baseline crack growth rate characteristics, and to evaluate roughness closure effects and 
facilitate model development and validation.  Optical interferometry methods were used 
to characterise and quantify crack surface characteristics for the materials considered. 
Quantitative fractography results were also used to infer crack closure levels in some 
cases.  
 
An existing geometric asperity based model for roughness-induced crack closure under 
constant amplitude conditions was evaluated and extended. 
 
The key finding from the work was that roughness induced crack closure effects can be 
significant under constant amplitude loading, but they are significantly less important 
during spectrum loading.  Previously, very little attention has been directed to roughness-
induced crack closure during spectrum loading conditions.  
 
The final result from this work is a new approach using a combination of experimental 
techniques and analytical models to correlate combined roughness and plasticity induced 
closure effects for a range of high-strength aircraft alloys and structures.  This is essential 
for maximising aircraft performance and safety while also minimising maintenance costs.  
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Nomenclature 
 
B thickness, mm 
       C shed rate using ASTM E-647 load-reduction method, per mm 
  c crack length for C(T) and half-length for M(T), mm 
   C(T) Compact Tension 
       CA Constant Amplitude 
      ci initial crack length for C(T) and half-length for M(T), mm 
  cn notch length for C(T) and notch half-length for M(T), mm 
  Cni coefficient and power for multi-linear crack-growth rate equation (n = 1 or 2) 
DICC Debris Induced Crack Closure 
     E modulus of elasticity, GPa 
      F boundary-correction factor 
      FEA Finite Element Analysis 
      hn crack-starter notch height, mm 
     K stress-intensity factor, MPa√m 
     Kcp compression pre-cracking stress-intensity factor, MPa√m 
   KF elastic-plastic fracture toughness in TPFC, MPa√m 
   KIe elastic fracture toughness (stress-intensity factor at failure), MPa√m 
 Kmax maximum stress-intensity factor, MPa√m 
    KT Stress concentration factor 
      m fracture toughness parameter in TPFC 
    N cycles 
        NMAX Number of cycles at which crack opening stress/load is recalculated 
 OPn crack-opening load at n% offset value 
     P applied load, kN 
       p powers on threshold term in crack-growth equation 
   PICC Plasticity-Induced Crack Closure 
     Pmax maximum applied load, kN 
      Pmin minimum applied load, kN 
      Po crack-opening load, kN 
      q powers on fracture term in crack-growth equation 
   R load ratio (Pmin/Pmax) 
      Ra Surface Roughness 
      RICC Roughness-Induced Crack Closure 
     S remote applied stress, MPa 
      Smax maximum applied stress, MPa 
     
 
 
vii 
 
Sn nominal (net-section) applied stress, MPa 
    So crack-opening stress, MPa 
      Su plastic-hinge stress using the ultimate tensile strength, MPa 
  W specimen width, mm 
      w width for C(T) and one-half width for M(T) specimen, mm 
  α 3D tensile constraint factor 
     (ΔKeff)T   effective stress-intensity factor range at flat-to-slant transition, MPa√m 
γ fracture surface roughness factor 
    Δc crack extension, mm 
     Δc* crack growth increment, mm 
    ΔK stress-intensity factor range, MPa√m 
    ΔKeff effective stress-intensity factor range, MPa√m 
   ΔKo effective stress-intensity factor range threshold, MPa√m 
  ΔKth stress-intensity factor range threshold, MPa√m 
   ρc compression pre-cracking plastic-zone size, mm 
  σo flow stress (average of yield and ultimate tensile strength), MPa 
 σu ultimate tensile strength, MPa 
    σys yield stress, MPa 
      Χ Mode I/Mode II mix ratio 
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1. Introduction  
Understanding the significance of crack closure is essential to understand the behaviour of 
fatigue cracks in high-strength aircraft metallic alloy materials and structures.  Closure is 
caused by a number of mechanisms including plasticity, roughness and debris build-up.  
Plastic deformations associated with the crack-tip singularity are the most dominant 
mechanism.  The FASTRAN fatigue crack growth code is based on the plasticity closure 
mechanism and it uses the Dugdale yield model, but modified to leave a wake of deformed 
material as the crack propagates.  FASTRAN has proven to be a very effective analytical tool 
to correlate important fatigue crack growth characteristics such as mean stress effects and 
load interaction during spectrum loading.  But in certain regimes such as near the threshold 
for growth, and for some materials such as β-annealed Ti-6Al-4V, other mechanisms such as 
roughness induced closure become important.  The main objective of the work discussed 
here was to better understand the contribution of the roughness mechanism for a range of 
materials, and to develop suitable analytical methods to correlate the behaviour.  Fatigue 
crack growth experiments were conducted for a range of materials under constant amplitude 
and spectrum loading, and closure levels were measured and/or inferred.  Experimental 
data from the literature were also used where appropriate.  Extreme cases of roughness were 
investigated, from 7249-T76511 which exhibited very smooth and flat crack surface 
morphology, through to β-annealed Ti-6Al-4V which exhibited very rough and tortuous 
crack surfaces.  Other materials in between those extremes included 7075-T6 and 7050-T7451.   
Building on the strong track record of success demonstrated with FASTRAN, some very 
effective analytical approaches were developed and validated, and the overall result was an 
enhanced insight into roughness-induced crack closure and threshold behaviour for high-
strength aircraft alloys and structures. 
 
 
1.1 Background 
Fatigue cracking in high strength aircraft structural alloy materials and structures are very 
serious issues.  Physical constraints around weight and performance require the use of very 
high strength materials and the operating stress levels must be high.  The metallic alloys 
used in typical aircraft structures are susceptible to fatigue in such conditions and the issue 
must therefore be very carefully managed.  Despite significant effort and attention the issue 
can still occur.  A very clear example was the in-flight catastrophic failure of the wing main 
spar on a RAAF Macchi MB326H jet-trainer aircraft [1], see Figure 1.  A fatigue crack 
initiated at a poorly drilled hole in the forward flange of the lower spar cap (7075-T6) very 
close to the wing root.  The crack had progressed in service to a size of about 33 mm when 
the failure occurred, see Figure 2. The failure occurred during a rolling pull-up manoeuvre at 
about 5g. 
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Figure 1: RAAF Macchi MB326H jet-trainer aircraft A7-076 
 
 
 
(a) (b) 
  
Figure 2: Wreckage from failure of wing main spar Macchi MB326H jet-trainer aircraft A7-076. (a) 
Centre section with parts of the port wing spar attachments, viewed from the front. (b) Fracture 
surface on the port wing lower spar boom, view looking inboard 
The current state of the art for tools for the analysis of the growth of fatigue cracks in high 
strength metallic aircraft structures and components is at best semi-empirical.  As a result 
there are significant limitations on the accuracy and reliability of the methods.  These 
limitations force designers and operators to assume the conservative worst case scenario 
which pushes up costs and reduces operational effectiveness and availability.  It can also 
limit operational performance due to weight penalties.  These matters cannot be fully 
addressed through testing alone.  Analytical tools are essential in order to interpret test 
results and broaden their applicability to a diverse range of structural locations and 
operating scenarios.  Methods which have a sound fundamental scientific basis are more 
likely to be accurate and robust than empirical methods.  The goal is to be able to accurately 
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and reliably predict the growth of fatigue cracks in high strength metallic aircraft structures 
under the application of variable amplitude spectrum loading.  
 
Three major events in the world of fracture mechanics have made possible the prediction of 
fatigue crack growth under variable amplitude spectrum loading.  The first was the 
development of the stress-intensity factor concept by Irwin [2], see Figure 3.  The second was 
the use of the applied stress intensity factor range by Paris, Gomez and Anderson  [3], see 
Figure 4.  The third was the discovery of the fatigue crack closure phenomenon by Elber [4], 
see Figure 6. 
 
Irwin’s stress intensity factor, K, is a very useful parameter in fracture mechanics.  K 
characterises the stress field around the stress singularity at the crack tip.  Provided that the 
plastic zone is small relative to the crack dimensions, the problem can be treated in a linear 
elastic manner, hence the term Linear Elastic Fracture Mechanics (LEFM).   K is also directly 
related to the strain energy release rate in a propagating crack, so it is a very useful 
similitude parameter. 
 
Figure 3 : Irwin’s Stress Intensity Factor[2] 
The concept of K-similitude was demonstrated very clearly by Paris et al. in the early 1960s, 
see Figure 4.  Paris et al. showed that for different geometry and loading, if the applied stress 
intensity factor range was the same then the crack growth rate would be the same.  Paris 
identified that when plotted on a log scale for both axes, there was an approximately linear 
relationship between the applied stress intensity factor range and the crack growth rate as 
shown in Figure 4. 
 
Figure 4 : Paris relationship between applied stress intensity factor range and crack growth rate [3] 
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As further work was done it became clear that the Paris relationship became non-linear at the 
extremes of rate, and the full curve is shown in Figure 5.  At the low-rate end the concept of a 
threshold was identified and this is defined as the loading below which the crack does not 
grow.  At the high rate end the loading approaches a sufficient level to cause fast-fracture. 
 
 
Figure 5: Schematic of full crack growth rate curve 
But the simple K-similitude introduced by Paris et al. could not by itself explain important 
behaviours such as mean stress effects and load interaction (acceleration and retardation) 
effects during spike overloads and spectrum loading.  Elber’s discovery of the concept of 
fatigue crack closure provided a very clear and supportable explanation of those effects.  
Elber conducted experiments where he applied local displacement gauges in the path of an 
advancing crack.  He measured the crack opening displacement as a function of the applied 
loading (see Figure 6).  The non-linear behaviour he observed could only be explained if the 
crack faces were remaining in contact (closed) during a portion of the applied load cycle.  
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Figure 6 : Elber’s measurement of crack closure[5] 
1.1.1 FASTRAN analytical crack closure model 
Plasticity has been identified as the most significant mechanism driving closure.  This form 
of crack closure is referred to as Plasticity Induced Crack Closure (PICC).  Professor J.C. 
Newman Jr. developed the analytical crack closure code FASTRAN [6-8] around these 
concepts.  Professor Newman has also developed improved test methods and associated 
analytical understanding to determine the fundamental material crack growth rate data and 
other inputs to be used with FASTRAN [9].  FASTRAN has been adopted as a suitable tool to 
manage fatigue cracking issues in a number of aircraft types.  This includes the P-3 Maritime 
Patrol fleet operated by the US Navy and the Royal Australian Air Force, and the C-130J 
Transport aircraft operated by the Australian and UK Air Forces.  Fatigue crack growth 
models based on plasticity-induced crack closure have demonstrated tremendous success in 
predicting fatigue lives of structures under variable amplitude loading.  However, two major 
issues have been identified.  Firstly, the plasticity constraint factor remains to be determined 
semi-empirically by fitting model prediction with test results for a similar load spectrum. 
The “calibrated” constraint factor is sometimes less than that determined from detailed 
three-dimensional, elastic-plastic finite element modelling.  Secondly, experimental results 
have revealed that the level of crack closure near the threshold region can be greater than 
predicted by the plasticity-induced crack closure model.  These two issues may be related, as 
the cause for these discrepancies has been attributed to crack closure induced by surface 
roughness [10].  
 
The FASTRAN [8] analytical crack closure model is based on the Dugdale model [11], but 
modified to leave a wake of plastically deformed material along the crack surfaces.  A 
schematic showing the important aspects of the FASTRAN approach is shown in Figure 7.  
The most recent version of the code, version 5.4 [8], includes 20 elements in the crack tip 
region (Region 2).  The material in Region 1 remains elastic, the material in Region 2 is 
undergoing yielding and the material in Region 3 is permanently deformed.  FASTRAN is 
based around the concept of the effective stress intensity factor range ΔKeff as originally 
proposed by Elber, as shown in Figure 8.  
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Figure 7 : Schematic of the FASTRAN analytical crack growth model under cyclic loading 
 
Figure 8 : Definition of effective stress-intensity range, ΔKeff 
A fundamental input to FASTRAN is the baseline characterisation of crack growth rate as a 
function of applied effective stress intensity factor range ΔKeff.  The process requires fatigue 
crack growth rate test data to be collected at a range of stress-ratios R (R=Pmin/Pmax).  The 
analytical crack closure model is then used to collapse the data onto a single unique curve.  
An example of this is shown in Figure 9 and Figure 10.  The relation is then modelled with a 
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multi-segment fit with special additional parameters to model the threshold and near-
fracture regions as shown in Figure 11.  
 
Figure 9 : Linear-elastic fracture mechanics (ΔK-rate) data for a range of stress-ratios [8] 
 
Figure 10 : Correlation of ΔKeff-rate data for a range of stress-ratios using crack-closure model [12] 
 8 
 
Figure 11 : Multi-linear fatigue crack growth relation [6] 
Another very important aspect of FASTRAN is the ability to account for three dimensional 
stress-states at the crack tip.  A constraint factor α is used to elevate the flow stress σo at the 
crack tip to account for the influence of stress state (ασo) on plastic zone sizes and crack-
surface displacements.  The flow stress σo is taken as the average between the yield and 
ultimate strength of the material, which is a first order approximation of strain hardening.  
For plane stress conditions, α is equal to unity (original Dugdale model), and for simulated 
plane strain conditions, α is equal to 3.  The value of 3σo was established from elastic-plastic 
finite element analyses under plane-strain conditions using an elastic-perfectly-plastic 
material (normal stress elevation in the crack-tip region was about 2.7 from the analysis [8]).  
For sheet and plate materials, fully plane-strain conditions may not be possible.  Irwin [13] 
suggested a modification to account for through-the-thickness variation in stress state by 
introducing a constraint factor of α=1.73.  This value of constraint represented nominal plane 
strain conditions.  Although the strip-yield model does not match the correct yield zone 
pattern for plane strain conditions, the model with a high constraint factor of around 1.8 – 2.0 
(close to Irwin’s 1.73 value) is able to produce crack-surface displacements and crack-
opening stresses very similar to those calculated from three-dimensional elastic-plastic finite 
element analyses of crack growth and closure for finite thickness plates [14, 15]. 
 
Constraint effects are very important in another way in the context of the FASTRAN 
analytical crack closure model.  The baseline fatigue crack growth rate data described earlier 
are typically collected using standard test specimen configurations such as Middle Tension 
(M(T)) and Compact Tension (C(T)) specimens [16], see Figure 12.  It has been observed that 
cracks in M(T) specimens often exhibit a behaviour known as “flat-to-slant” transition as 
detailed in Figure 13.  The crack profile is initially flat but at a certain stage it transitions to a 
shear mode.  Newman [17] associated this behaviour with a loss in constraint, so it is a 
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transition from plane strain to plane stress behaviour.  Schijve [18] has shown that the 
transition occurs at nearly the same fatigue crack growth rate over a wide range in stress 
ratio for an aluminium alloy.  The transition occurs at mid to higher rates and does not 
appear to occur for bend type specimens like the C(T) specimen.  The data shown in Figure 
10 were from M(T) specimen testing and so a constraint loss regime with variable α is 
shown.  C(T) specimens on the other hand do not exhibit the constraint loss behaviour and a 
constant higher value of α is therefore appropriate.  The different behaviour in the M(T) 
compared with C(T) configuration may be due to the different T-stress, which is the stress 
parallel to the crack length direction.  In C(T) or bend type specimens, deep cracks 
experience a significant and positive T-stress, which increases constraint.  M(T) specimens on 
the other hand have a low or negative T-stress component, which promotes more crack front 
yielding and lower constraint.  
 
 
Figure 12 : Compact Tension C(T) and Middle Tension M(T) specimen configurations 
 
Figure 13 : Flat-to-slant fatigue-crack-growth behaviour in metallic materials [17] 
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1.1.2 Non-plasticity crack closure mechanisms 
Although plasticity is considered to be the dominant cause of closure effects, other 
mechanisms have also been identified.  One of these other mechanisms is known as Debris 
Induced Crack Closure (DICC).  If fretting product or oxide deposits that accumulate on the 
crack surface reach a thickness comparable to the crack tip opening displacements, then it is 
possible for the crack to effectively be wedge-closed above the minimum load [19-21].   DICC 
has been particularly effective in explaining the role of the environment in influencing near-
threshold fatigue crack growth.  Crack closure can also arise when the crack surface 
roughness is comparable to crack tip opening displacements.  Crack surface asperities may 
contact at loads above the minimum load, leading again to the wedge-closed concept 
mentioned earlier.  This phenomenon is known as Roughness Induced Crack Closure (RICC) 
[10, 22-33].  See for example Figure 14 [32]. 
 
 
Figure 14 : Typical contact points at the minimum load of the cycle for R=0.1 loading in a titanium 
Ti-6Al-4V alloy. (a) 9.2 mm from the crack tip, (b) 14.5 mm from the crack tip, 1200x. Reproduced 
from [32] 
1.1.3 Compression pre-crack methods 
The fatigue crack growth testing conducted in support of the research reported here used a 
non-standard method to initiate the cracks.  The technique is known as “compression pre-
cracking” [9].  The ASTM standard method [16] to generate fatigue cracks in standard test 
coupons usually involves tension-tension cyclic loading.  Generating data down into the 
threshold region typically then requires load-reduction until the threshold is reached.  These 
standard methods have been shown to produce load history effects which produce higher 
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thresholds and lower rates than the compression pre-crack methods.  An example for a 
titanium alloy Ti-6Al-4V (β-STOA) from [9] is shown in Figure 15. 
 
 
Figure 15 : Crack-growth rate data on Ti-6Al-4V β-STOA titanium alloy at R=0.4, from [9] 
The compression pre-cracking method is conducted as follows.  The method (shown 
schematically in Figure 16) is applicable for standard test specimens (eg M(T) and C(T)) with 
sharp notches used to generate baseline constant amplitude fatigue crack growth rate data 
[16].  
 
 
Figure 16 : Compression pre-cracking procedure 
The method starts with the application of about 30,000 cycles of compression-compression 
cycles, where the minimum load to be applied is based on the following: 
 
|𝐾𝑐𝑝|
𝐸
= 0.00015,     √m                                                                           (1) 
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where Kcp is the calculated stress-intensity factor at the minimum compressive load or stress, 
and E is the elastic modulus.  The maximum applied stress or load can be zero for M(T) 
specimens (need to use anti-buckling guides) or a small compressive load for pin loaded 
specimens like C(T) (R=Pmin/Pmax= 8 to 16).  As shown in Figure 16, the compression loads 
will create compressive plastic zone at the notch and subsequently a small residual tensile 
stress zone will be present at the notch.  Even though the remote load cycles will be at 
compression-compression, the small zone of material at the notch tip will experience 
significant tension cyclic loads and a crack will rapidly initiate.  The crack will only grow a 
very small distance however (around 0.1 mm typically) before the stress field becomes 
compressive again and the crack growth is arrested.  But if the remote loading is then 
changed to tension-tension, the crack will propagate as desired.  The advantage of this 
method is that load history effects are minimised and very accurate rate data are produced, 
all the way from threshold through to fracture. Full details of the approach are provided in 
[9]. 
 
1.1.4 Limitations with plasticity only approach 
Limitations of the PICC only approach as used in FASTRAN have become evident when 
applied to materials which exhibit very rough crack surfaces [34-39].  One such material is 
7050-T7451 aluminium alloy.  Newman et al. [34] applied local strain gauges ahead of the 
crack tip in compact tension (C(T)) specimen to measure crack-opening loads using Elber’s 
reduced strain method.  FASTRAN was used to successfully correlate the constant amplitude 
(CA) crack growth rate data, but a very low value of constraint factor α=1.3 was required.  
The low value of α was needed to account for roughness closure effects not being explicitly 
modelled in FASTRAN.  Walker et al. [37-39] found a similar result for a coarse-grained β-
annealed Ti-6Al-4V ELI alloy which also exhibited very rough crack surfaces.  
 
The low α value also worked well when applied to FASTRAN analysis for spectrum loading 
[35, 38, 39].  But more recent analyses [37-41] have revealed that the apparent success with 
the low α value was perhaps not as robust and reliable as thought at the time.  The more 
recent analyses have been performed using an updated and improved version of FASTRAN, 
Version 5.42, with crack opening stress calculations performed on a cycle-by-cycle basis.  
These results have shown that the low value of α applies for constant amplitude loading, but 
high α is applicable for spectrum loading.  These matters are considered in detail in this 
Thesis. 
 
Previous research efforts have focused on developing modelling for the RICC contribution 
such that a more reasonable and justifiable value for α can be used for the PICC component.  
That approach was moderately successful for β-annealed Ti-6Al-4V ELI material [38].  But 
recent improvements in FASTRAN now suggest that the approach may not be as effective as 
previously thought.  Recent research at DSTO has identified significant, fundamental 
differences in fatigue crack path and rate at very small length scales on a cycle-by-cycle basis 
for CA compared with spectrum loading [42, 43].  The differences suggest that RICC may be 
more significant under CA conditions, but may have far less (if any) effect for spectrum 
loading.  
 
1.2 Aim and research questions 
1.2.1 Aim 
This research aims to investigate the phenomenon of roughness-induced crack closure and to 
develop analytical methods to quantify the role of not just plasticity but also other 
mechanisms which give rise to crack closure.  A range of high strength metallic aircraft 
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alloys which exhibit different levels of roughness were studied.   One measure of the crack 
surface roughness is the average roughness parameter Ra.  Ra is defined as the average 
distance between the surface and the mean-line.  An example of how this is calculated is 
shown in Figure 17.   Wherever the term Ra is mentioned in this report it has been measured 
using a Bruker NPFlex optical profiling microscope, see Figure 58.  
   
 
Figure 17 : Definition of average roughness, Ra 
The materials considered in this work are 7249-T76511 (average Ra=4µm, see Figure 18), 
7075-T6 (average Ra=8µm, see Figure 19), 7050-T7451 (average Ra=20µm, see Figure 20), and 
β-annealed Ti-6Al-4V ELI thick plate (average Ra=50µm, see Figure 21).   
 
 
 
Figure 18 : Fatigue crack surface from 7249-T76511 test coupon, typical surface roughness Ra=4µm 
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Figure 19 : Fatigue crack surface from 7075-T6 test coupon, typical surface roughness Ra=8µm 
 
Figure 20 : Fatigue crack surface from 7050-T7451 test coupon, typical surface roughness Ra=20µm 
 
Figure 21 : Fatigue crack surface from β-Ti-6Al-4V ELI test coupon, typical surface roughness 
Ra=50µm 
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1.2.2 Research questions 
The research questions to be addressed are as follows: 
 
1. What is the role of roughness-induced closure mechanisms in fatigue crack growth? 
 
2. When does roughness-induced crack closure become important? 
 
3. Is there a better way to account for roughness-induced crack closure effects during 
spectrum loading? 
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2. Literature review 
2.1 Crack closure 
The discovery of the fatigue crack closure phenomenon by Elber [4] was extremely important 
in understanding fatigue crack growth in high strength metallic aircraft structures and 
components.  Elber’s discovery has helped to explain several important behaviours 
identified around fatigue crack growth in high strength metallic alloys.  These include mean 
stress (stress ratio R) effects [44], small crack behaviour [45, 46], and load interaction 
(retardation and acceleration) during spectrum loading [47].  Crack closure is caused by a 
combination of several mechanisms including residual plastic deformations remaining in the 
wake of the advancing crack [4, 5], fatigue crack surface asperity roughness [32], and debris 
which is left behind as the crack advances [19].  Residual plastic deformations are the most 
significant effect, and that mechanism has been used very successfully by Newman, for 
example in his well-known FASTRAN code [7].  At present FASTRAN only considers 
plasticity induced closure effects.  It has nonetheless been used very effectively to correlate 
fatigue crack growth under constant-amplitude loading for a wide range of crack growth 
rates from threshold through to fracture for a significant range of alloys [48].  Difficulties 
have, however, arisen for some materials, particularly for those which exhibit rough and 
tortuous fatigue surfaces and in the threshold and near-threshold regime.  One example is 
aluminium alloy 7050-T7451 which exhibits rough fracture surfaces [34], see Figure 19.  RICC 
and DICC have been found to be more significant in the threshold and near threshold regime 
[34].  FASTRAN was still able to correlate the baseline rate data well, but the final 
determination of the ΔKeff versus rate relation in the threshold region relied on measured 
crack opening data, and the three-dimensional constraint factor, α, needed to be set at a very 
low value of around 1.3 compared with a value of around 1.8 which has been independently 
verified using 3D Finite Element Analysis (FEA) [49].  The low value of constraint was 
necessary in order to raise the crack-opening stress. In effect this is a compensation for the 
lack of any explicit roughness or debris modelling in the FASTRAN code. 
 
Another example is titanium alloy β-annealed Ti-6Al-4V Extra Low Interstitial (ELI) which is 
used for the main wing carry-through structure in advanced military fighter aircraft [50].  
That particular alloy has a very coarse microstructure (average grain size 1.2 mm) [51] and it 
produces very rough and tortuous crack surfaces, see Figure 21.  FASTRAN, using plasticity 
induced closure only, was able to successfully correlate the rate and crack growth history 
data to some extent [37], but again a very low value of the three dimensional constraint 
factor α was required, i.e. 1.5 instead of around 1.8, a value which has been independently 
verified by 3D FEA [14, 49]. 
 
2.2 Plasticity induced crack closure 
Elber [4] discovered the phenomenon of fatigue crack closure.  Elber conducted fatigue crack 
growth experiments under constant amplitude loading.  The material was 2024-T3 
aluminium alloy.  Cracks were initiated from jeweller’s saw cuts on either side of a central 30 
mm diameter hole in 5 mm thick, 130 mm wide specimens.  A displacement gauge was 
located close to the crack tip and was used to record displacement as a function of the 
applied remote stress.  Under cyclic loading at a stress ratio R=0 (R=minimum 
stress/maximum stress), significant non-linearity was observed from zero load up to a 
certain point, and above that point to the maximum stress the behaviour was linear.  The 
non-linear behaviour could only be explained by the concept of crack closure where the 
crack faces remain in contact (the crack is closed) at loads above the minimum load.  Elber 
attributed the behaviour to plastic deformations remaining in the wake of the advancing 
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crack.  The behaviour is now referred to as Plasticity Induced Crack Closure (PICC).  Elber 
found that the crack opening load increased with R and a linear relationship for a certain 
range for the 2024-T3 material was developed.  Elber also showed how the crack closure 
concept could be used to explain and account for acceleration and retardation effects under 
variable amplitude loading.  This was achieved with the use of an effective stress intensity 
factor range, ΔKeff, which was based on the effective stress range ΔSeff=Smax-Sop where Smax is 
the maximum applied stress and Sop is the stress at which the crack is open, i.e. the crack 
opening stress. 
 
Following on from Elber’s experimental-based discovery of the fatigue crack closure 
phenomenon, Budiansky and Hutchinson [52] developed a theoretical model based on 
plasticity.  The theory contemplates the steady-state growth of a long crack under the 
assumptions of small-scale yielding according to the ideally-plastic Dugdale-Barenblatt 
model.  A complex function method was used to determine the effect of residual plastic 
deformations along the wake of the advancing crack and thus identify the stress intensity 
factor required to fully open the crack (Kopen).  Their work gave a theoretical basis to the 
existence of the crack-closure phenomenon and provided some justification for the adoption 
of an effective stress intensity factor range, based on closure effects, for the correlation of 
fatigue crack growth rates.  But because the analysis was based on the plane stress condition 
inherent in the Dugdale model, the results are not directly applicable to the plane-strain 
conditions expected over most of the crack tip region.     
 
The phenomenon of PICC was analysed by Newman using two-dimensional elastic-plastic 
finite element methods [53].  The analysis was accurate, but required considerable 
computational facilities at the time.  A simplified model was needed, particularly if it was to 
be applied to fatigue crack propagation under many thousands of cycles of loading.  Several 
simplified models were developed during the 1970s [52, 54-57].  All of the models were 
based on a concept like the Dugdale model [11] but modified to leave a strip of plastically 
deformed material in the wake of the advancing crack.  Hence these are referred to as “strip-
yield” models.  None of these studies, however, considered the influence of the three 
dimensional constraint on the crack closure behaviour.  Later finite element studies [14, 15] 
demonstrated the importance of accounting for the three-dimensional stress state which 
develops around a crack tip.  
 
Newman [47] developed an analytical crack closure model which was based on the plane-
stress Dugdale model, but modified to leave plastically deformed material along the crack 
surfaces as the crack advances.  Three-dimensional constraint varying from plane-stress to 
plane-strain was simulated through the use of a constraint factor, α, which elevates the yield 
stress.  The model formed the basis of the fatigue crack growth analysis computer code 
FASTRAN [6] which has been refined and improved more recently [8]. 
 
2.3 Debris induced crack closure 
Paris et al. [19] conducted fatigue crack growth experiments on A533 and A508 steels in the 
threshold region under both laboratory air and aqueous (distilled water) environments.  
They found that the distilled water environment produced significantly lower crack growth 
rates than the dry-air environment.  The explanation was that the aqueous environment 
caused rapid corrosion product build-up on the newly created fatigue crack surfaces causing 
crack face interference, i.e. closure.  The crack surface interference as a result of the corrosion 
was small, but since the experiments were conducted near the threshold, the effect was 
significant enough to reduce the crack growth rate and increase the threshold. 
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Newman et al. [20] performed fatigue crack growth tests on specimens manufactured from 
A36 steel.  Load reduction tests to determine rates at near threshold conditions revealed the 
accumulation of debris along the crack surfaces and it was concluded that the debris 
formation led to elevated crack closure.  Some tests experienced a range of humidity 
conditions and a direct correlation was observed between high humidity with elevated 
closure and increased debris formation.  
 
2.4 Oxide induced crack closure 
Suresh et al. [21] conducted fatigue experiments on Cr-l Mo pressure vessel steels in moist 
environments (in water and air) and in dry, oxygen free environments (hydrogen gas and 
helium gas).  They found that fatigue crack growth rates in the pressure vessel steels were 
significantly affected by the environment and they concluded that the cause was differences 
in the formation of an oxide layer along the fatigue surface.  The oxide layer is very thin 
(maximum of about 0.2 μm), but that is of the same order as the crack tip opening 
displacements near the threshold region.  The effects were most pronounced at low stress 
ratio and near threshold conditions.  
 
Lee [58] conducted constant amplitude fatigue crack growth rate experiments in AerMet100 
ultra-high strength steel for stress ratios R=0.1, 0.5 and 0.8 in dry nitrogen gas and a 3.5% 
NaCl solution at room temperature.  The near threshold fatigue crack growth rates were 
significantly higher in the dry nitrogen gas environment compared with the 3.5% NaCl 
environment.  This difference was attributed to corrosion product induced crack closure.  
The corrosive NaCl environment produced an oxide layer on the crack surface which 
wedged the crack open above the minimum load. 
 
2.5 Roughness induced crack closure 
The phenomenon of roughness-induced crack closure was first identified by Walker and 
Beevers [32].  Walker and Beevers used a two-stage replica technique to investigate fatigue 
crack closure in commercially pure titanium.  At low R constant amplitude loading 
conditions they found that the crack faces made contact at discrete points above the 
minimum load.  The contact points were associated with the crack path meandering from the 
specimen mid-plane.  As the crack faces approach each other during the reducing portion of 
the load cycle, a small amount of in-plane shear (Mode II) produces points of contact which 
wedge the crack open and prevent the stress intensity reaching the value associated with the 
minimum load.  
 
Suresh and Ritchie [31] developed a geometric model for roughness-induced closure which 
accounts for the significant Mode II displacements associated with crack advance.  Their 
model correlated well against the limited experimental data available at the time for 1018 
steel [29] and a fully pearlitic rail steel.  Suresh and Ritchie explained how roughness-
induced closure would be most significant in the threshold region, and the interaction with 
microstructure, grain size and crack size were also explained.  
 
The influence of grain size was examined by Minakawa et al. [30].  They tested two alloys 
with similar mechanical properties, but significantly different grain size.  The two alloys 
were 7090-T6 with typical grain size of about five μm and IN9021 with typical grain size of 
less than one μm.  Significant closure was measured in the threshold region for the 7090 
material, but none was detected for the IN9021.  This difference was attributed to roughness 
closure differences associated with grain size and crack surface roughness. 
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More recently, researchers began to consider the combined effects of roughness and 
plasticity induced crack closure.  Efforts have been made to separate the two effects with 
mixed success.  Wang et al. [33] developed a two-dimensional model but it was very difficult 
to evaluate or compare that model because they did not include vital details such as the test 
specimen geometry or the crack lengths.  Also, they assumed they were addressing only 
roughness closure but it was not clear how they were able to disregard plasticity.  
 
Kim and Lee [25] developed a combined plasticity and roughness model, but some aspects of 
their work were very difficult to assess.  For example, some variables in their paper were not 
defined.  They also made a very strange assertion where they claimed that roughness height 
had no effect on the roughness-induced crack closure.  Their single asperity model was able 
to correlate the data well, but it did require the use of an empirical single asperity at a certain 
distance from the crack tip. 
 
2.6 Short crack growth 
Many researchers, for example [59-65], have investigated what has become known as the 
short crack phenomenon.  The short crack effect or problem is that the growth characteristics 
of short fatigue cracks in plates and at notches differ from those of large cracks in the same 
material and environment at the same applied stress intensity factor range, ΔK.  There is 
sometimes confusion around the terms “short crack” and “small crack” and the terms 
“short” and “small” are sometimes used interchangeably.  It can sometimes be useful 
however to distinguish between them.  A useful distinction is provided in [16] as follows.  A 
crack is defined as “small” when all physical dimensions (in particular both length and 
depth of a surface crack) are small in comparison to a relevant microstructural scale, 
continuum mechanics scale, or physical size scale.  The specific physical dimensions that 
define “small” vary with the particular material, geometric configuration, and loadings of 
interest.  A crack is defined as being short when only one physical dimension (typically the 
length of a through thickness crack) is small according to the small crack definition.  
 
On the basis of Linear Elastic Fracture Mechanics (LEFM), short cracks grow much faster 
than predicted from long crack data.  This is illustrated in Figure 22, adapted from [65], 
where the crack growth rate is plotted against the applied stress intensity factor range, ΔK.  
The solid (sigmoidal) curve shows typical large crack results for a given material and 
environment under constant amplitude loading.  Typical experimental results for short or 
small cracks are shown in the dashed curves.  At low rates in the threshold region, short 
cracks grow at applied ΔK levels below the long crack threshold.  This behaviour is also 
described as a breakdown of similitude. 
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Figure 22 : Illustration of typical long and short crack growth rates as a function of stress intensity 
factor range under constant amplitude loading. Adapted from [65] 
2.7 Threshold behaviour  
Understanding and characterising fatigue crack growth behaviour in the threshold region 
(Region I in Figure 22) is very important.  This is because a very large proportion of the total 
fatigue life of structures and components is consumed in that regime.  Rate data in the 
threshold region are often obtained using the standard tension pre-cracking followed by load 
reduction procedure [16, 66].  But the load-reduction procedure itself has been shown to 
produce anomalies, including thresholds which are too high in terms of the ΔK level, and 
rates which are too low.  The load-reduction test procedure has been shown to induce remote 
crack surface closure [67, 68], which slows the crack growth rate prematurely and leads to an 
abnormally high ΔK threshold value.  Ohata and Sasaki [69] and Minikawa and McEvily [29] 
showed a rise in the crack closure levels as the threshold is approached using load reduction 
methods similar to the ASTM E647 technique.  The behaviour was attributed to roughness 
and fretting debris induced crack closure effects.  Newman [68, 70] and McClung [71] also 
showed a rise in crack closure levels associated with the load reduction method using strip 
yield and finite element models respectively.  These models showed that the test method 
exhibits anomalies due to load history effects from residual plastic deformations.  
 
Other investigators [72, 73] have used alternative methods to generate threshold values that 
are not affected by the test method.  A compression pre-cracking based method has been 
developed over the years by Topper et al. [74], Suresh [75], Pippan [76], Forth [77] and 
Newman and Yamada [9].  The compression pre-cracking approach is used in the present 
work in order to produce accurate rate data in the threshold region. 
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2.8 Constraint effects 
Constraint effects have long been recognised as being very important in the analysis of 
notched or cracked bodies [17, 78].  Strain gradients that develop around the crack front 
cause the deformation in the local region to be constrained by the surrounding material.  The 
level of constraint depends upon the crack configuration and crack location relative to 
external boundaries, the thickness, the type and magnitude of the applied loading, and the 
material stress-strain properties.  This constraint sets up a complex three-dimensional stress 
state which complicates stress analysis and strongly influences fatigue and fracture 
behaviour.  Newman [17] developed the concept of a global constraint factor α which 
elevates the flow stress (average of the yield and ultimate stress) to account for the three-
dimensional stress state but using a simplified two-dimensional analysis.  This approach has 
been used very successfully in the FASTRAN code [6-8].  
 
One very important aspect is the concept that the constraint condition can vary as the crack 
grows.  When the crack is small and growth rates are low, higher constraint conditions like 
plane-strain should prevail, but as the plastic zone ahead of the crack tip becomes large 
when compared with the sheet thickness then a loss of constraint is expected.  This loss of 
constraint has been associated with the transition from flat to slant crack growth as shown in 
Figure 13, see Schijve [18].   
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3. Experimental Testing Details 
The fatigue crack growth and crack opening load tests were performed using a 25 kN 
capacity, uniaxial, computer controlled electro-hydraulic test frame, as shown in Figure 23.  
 
 
Figure 23 : Computer-controlled electro-hydraulic uniaxial test frame 
Specimens were either M(T) or C(T) (see Figure 12), or shortened ESE(T) (see  Figure 76).  
 
In the case of the bend specimens (C(T) or ESE(T)), a 25 kN capacity test machine was used.  
Crack length was measured both visually using a travelling microscope, and also using a 
back face strain gauge (see Figure 12).  The back face strain gauge data were also used to 
determine the compliance-based crack opening stress/load.  
 
In the case of the M(T) specimens, a 100 kN capacity machine was used.  Crack length and 
compliance based crack opening loads were determined using Crack Mouth Opening 
Displacement (CMOD) gauges on both sides of the specimen.  
 
In all cases the tests were controlled and managed using a combination of the standard 
Instron control software, and also control software from Fracture Technology Associates Inc. 
[79].  
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Tests were conducted under laboratory air room temperature conditions.  Test frequency in 
the near-threshold regime was typically around 18 Hertz, but the frequency was generally 
lowered to about 5-10 hertz at higher fatigue crack growth rates when approaching fracture. 
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4. Very Smooth Crack Surface Material: 7249-T76511 
The work detailed in this Section was conducted in partnership with Professor J.C. Newman 
Jr. from Mississippi State University in the USA and Dr M. Liao from the National Research 
Council Canada [80]. 
 
4.1 Introduction 
The wings on P-3C maritime surveillance aircraft are made of 7075-T651 aluminium alloy.  
This aircraft is involved in an extensive life-extension program being conducted by the U S 
Navy.  The current wings are in the process of being replaced with the 7249-T76511 alloy due 
to its improved corrosion resistance over the 7075 alloy.  The objectives of the investigations 
detailed in this Section were to conduct fatigue-crack-growth tests on compact, C(T), 
specimens made of the 7249 alloy under constant-amplitude loading to generate data over a 
wide range of crack-growth rates from threshold to near fracture; to develop the effective 
stress-intensity factor against rate (ΔKeff-rate) relation, and to conduct fatigue-crack-growth 
tests on middle-crack-tension, M(T), specimens under a simulated P-3C wing spectrum.  The 
spectrum was derived from a full-scale fatigue test (FSFT) program conducted at Lockheed-
Georgia [81, 82] under contract to the US Navy. 
 
Under constant-amplitude loading, the fatigue-crack-growth rate behaviour in the threshold 
and near-threshold regimes is very important for the growth of cracks in many structural 
components.  However, the test procedures, which have been used to generate fatigue-crack-
growth-rate data from laboratory specimens (ASTM E647 [16, 66]) in the past, may have 
produced inappropriately high (ΔKth) threshold values and have also produced “fanning” 
with the load ratio (R) in the low-crack-growth-rate regime, using bend-type, C(T) or 
Eccentrically-loaded Single-Edge-crack Tension, ESE(T), specimens.  Fanning of the ΔKth 
thresholds is the phenomenon where the spread among the crack-growth-rate curves as a 
function of R is significantly greater in the threshold region than in the mid-region.  During 
the past decade, it has been shown that data generated with the standard load-reduction test 
procedure exhibits differences due to configuration (results from tension and bend-type 
specimens differ), size effects (smaller specimens have produced lower thresholds and faster 
crack-growth rates than larger width specimens), and that environment (corrosion, 
humidity, temperature, etc.) plays a very important role in threshold development, as 
expected.  Research work during the past decade on aluminium alloys, titanium alloys and 
steels has developed new threshold test methods—compression pre-cracking constant-
amplitude (CPCA) and compression pre-cracking load-reduction (CPLR) threshold testing 
[83-85]. For the aluminium alloys, fanning with the load ratio (R) has not been found with 
the compression pre-cracking (CP) threshold methods.  In the current study, threshold and 
near-threshold fatigue-crack-growth data on the 7249 alloy was generated using the new 
compression pre-cracking and constant crack-mouth-opening-displacement (CMOD) [86] 
test methods and these results were compared with the ASTM E647 standard load-reduction 
method [16]. 
 
For spectrum loading, a number of load-interaction models have been developed to correlate 
fatigue-crack-growth rates and to predict crack growth under aircraft spectrum loading.  
These models have generally been based on plastic deformations that develop at the crack 
front, and have been empirically-based, closure-based, or based on physical models of the 
crack-growth and closure process.  In 1968, Elber observed that fatigue-crack surfaces contact 
under cyclic tensile loading.  This observation and the crack-closure concept [4, 5] began to 
explain many crack-growth characteristics under variable-amplitude loading.  Since the 
discovery of “plasticity-induced” crack closure, other closure mechanisms have been 
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identified, such as roughness-, fretting-product-, and oxide-debris-induced closure [19, 31, 
32, 87].  These mechanisms have greatly improved our understanding of the complex 
interactions that occur during fatigue-crack growth under variable-amplitude loading (see 
Schijve [88]).  However, these other mechanisms have yet to be incorporated into any of the 
major life-prediction codes, such as NASGRO [89], AFGROW [90] or FASTRAN [8]. 
 
Several numerical models of plasticity-induced crack closure have been developed to 
calculate crack-opening stresses under spectrum load histories, such as the FASTRAN model 
by Newman [8, 47] or the ESA/NLR STRIPY model by de Koning et al [91].  The STRIPY 
model is currently implemented into the NASGRO life-prediction software with two options.  
One option is the NASA model and the other is the ESA model.  The primary difference 
between these two models is in the selection and use of the “constraint factor(s)”, which 
account for three-dimensional stress states that develop around cracks. 
 
This section presents the results of fatigue-crack-growth tests conducted on C(T) specimens 
made of the 7249-T76511 aluminum alloy. Constant-amplitude tests were conducted to 
generate crack-growth-rate data from threshold to near fracture over a wide range of load 
ratios (R = Pmin/Pmax = 0.1 to 0.85).  Four methods were used to generate near threshold 
fatigue-crack-growth-rate data: (1) ASTM E647 load-reduction, (2) compression pre-cracking 
constant-amplitude (CPCA), (3) compression pre-cracking load-reduction (CPLR), and (4) 
constant crack-mouth-opening-displacement (CMOD) load-reduction [86].  The Two-
Parameter Fracture Criterion (TPFC) [92, 93] was used to determine the elastic-plastic 
fracture toughness values that correlated fracture for C(T) and middle-crack-tension, M(T), 
specimens.  A crack-closure analysis was used to develop an effective stress-intensity factor 
range against rate relation using a constraint factor to collapse the high and low load ratio 
data into a nearly unique ΔKeff-rate relation. 
 
Simulated aircraft wing spectrum tests were conducted on the M(T) specimens using a 
modified full-scale-fatigue-test (FSFT) spectrum.  These tests were used to study the 
constraint-loss regime (plane-strain to plane-stress) behaviour.  Comparisons were made 
between the spectrum tests and those calculated with the FASTRAN (Version 5.42) life-
prediction code. 
 
4.2 Material 
The 7249-T76511 aluminium alloy material was obtained from the National Research Council 
(NRC) of Canada in the form of an extrusion 6.35 mm thick, 89 mm wide and 3 meters long.  
The extrusion was made by Universal Alloy Corporation (Anaheim, CA) as per ASM 4293 
specifications and tensile tests determined the mechanical properties to be σys = 526 MPa, σu = 
578 MPa, E = 69.6 GPa with an elongation of 12.1% in the longitudinal direction.  The 7249-
T76511 alloy provides improved corrosion resistance, and has a higher level of strength and 
toughness, over 7075-T6511 extrusions.  NRC had used the X-ray diffraction method [12], the 
slitting method [94], and the crack-compliance method [95] to evaluate the presence of 
residual stresses.  The slitting method and the crack-compliance method indicated that there 
were “no” residual stresses through the thickness and across the plate.  The X-ray diffraction 
method indicated that surface residual stresses were small (35 to 70 MPa). Thus, it was 
concluded that residual stresses were not an issue. 
 
4.3 Specimen configurations 
Two types of specimens were used in the fatigue-crack-growth studies: (1) standard 
compact, C(T), and (2) standard middle-crack-tension, M(T) specimens [16].  Table 1 shows 
the types, sizes and number of specimens machined from the extrusion material.  All 
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specimens were tested in the L-T orientation (crack plane perpendicular to the extrusion 
direction).  In the C(T) specimens, Figure 12(a), the pin holes were bevelled on the front and 
back of the specimen to force the load to be applied in the centre of the specimen thickness to 
help eliminate out-of-plane bending [85]. 
 
Table 1 : Number of specimen types and sizes tested 
Specimen type Thickness, B (mm) Width, w (mm) Number of 
specimens 
C(T) 
 
 
 
M(T) 
3.2 (a) 
3.2 (a) 
6.35 
6.35 
3.2 (a) 
71 
64 (b) 
71 
51 
44.5 
6 
8 
3 
2 
4 
(a) Specimens machined from centre of 6.35 mm thick extrusion 
(b) Specimens machined from the four (4) broken M(T) specimens 
 
The standard M(T) specimen, shown in Figure 12(b), was used to conduct simulated P-3C 
spectrum loading crack-growth tests.  The initial electrical-discharge machined (EDM) 
through-thickness notch length (2cn) was 10 mm long and 0.25 mm in height (hn).  Small 
tapped holes were placed above and below the crack-starter notch for placement of two 
CMOD gages (5 mm gage length) to monitor crack length against cycles during the spectrum 
tests. 
 
4.4 Loading conditions 
Two types of loading conditions were applied to two different specimen types.  Constant-
amplitude loading was applied to C(T) specimens (only positive load ratios) and simulated 
aircraft wing spectrum loading (tension and compression) was applied to the M(T) 
specimens.  An automated fatigue-crack-growth system [96] was used to maintain the 
desired loading on the specimens and to monitor crack length against cycles. 
 
4.4.1 Constant-amplitude loading procedures 
Fatigue-crack-growth tests were conducted on C(T) specimens, shown in Figure 12(a), to 
generate constant-amplitude fatigue-crack-growth-rate data from threshold to near fracture 
over a wide range of load ratios (R = Pmin/Pmax = 0.1 to 0.85).  A back-face strain (BFS) gauge 
with an automated crack-length monitoring system [96] was used to monitor crack length 
against cycles, and to measure the crack-opening loads for the R = 0.1 tests.  Research has 
shown that the remote methods, such as the BFS gage method, are not sensitive enough to 
measure crack-opening loads at high R in the threshold regime [85].  Four methods were 
used to generate near threshold fatigue-crack-growth-rate data: (1) ASTM E647 load-
reduction (LR) method [16], (2) compression pre-cracking constant-amplitude (CPCA) 
method [83-85], (3) compression pre-cracking load-reduction (CPLR) method [18, 91, 97], and 
(4) constant crack-mouth-opening-displacement (CMOD) load-reduction method [86].  For 
the E647 LR method, tensile pre-cracking was performed at Kmax = 4.4 MPa-m1/2 (R = 0.1) and 
the crack was grown about 2.5 mm from the crack-starter notch before the LR procedure was 
used with a load shed rate of C = -0.08 mm-1.  In addition, the compression pre-cracking 
constant-amplitude (CPCA) method [83-85] was also used to generate steady-state crack-
growth data from a low initial ΔK value (lower than the ΔK value at the pre-cracking growth 
rate, 1e-08 m/cycle, allowed in E-647 LR procedure).  Compression pre-cracking loads were 
calculated from |Kcp|/E ~ 0.0002 m1/2 and applied under constant-amplitude loading at R = 
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8. Because the E-647 load-reduction method may lead to the development of remote closure 
in some materials due to the load-reduction history, Wu et al. [86] developed a load-
reduction method to maintain a constant remote CMOD as the loads are reduced.  Thus, the 
shed rate on the Wu et al. method would vary, but was much slower than the E647 specified 
shed rate (C = -0.08 mm-1).  For the C(T) specimen, the decay rate C varied from about -0.05 
mm-1 at the start of a test to -0.03 mm-1 near the end of the test.  Compression pre-cracking 
was also used in the Wu et al. load-reduction method to start growing the crack at a low ΔK 
value. 
 
4.4.2 Spectrum loading procedures 
Simulated aircraft wing spectrum load tests were conducted on the M(T) specimens, shown 
in Figure 12(b), using a modified full-scale-fatigue-test (FSFT) spectrum.  The original FSFT 
spectrum had a very large number of cycles, so the modification was to eliminate load 
amplitudes less than 15% of the maximum load amplitude.  Thus, the revised spectrum had 
299,773 cycles with an overall R = -0.18 (ratio of the overall minimum to maximum load). 
Anti-buckling guides with Teflon® liners and cut-outs for mounting the two CMOD gages to 
the specimen were used with the spectrum tests.  At the minimum compressive load in the 
spectrum during static and cyclic loading, the guide plates with finger-tight bolts could be 
easily moved up and down the specimen that prevented buckling. Prior to spectrum testing, 
all M(T) specimens were compression pre-cracked (|Kcp|/E ~ 0.0002 m1/2), but 
unfortunately, the normal procedure of applying about 30,000 compression cycles was not 
used, because the guide plates were tight at the minimum applied compressive load.  Thus, 
only about 3 to 6 compression cycles were applied manually to each specimen.  Initially, the 
few compressive cycles were thought to induce sufficient tensile residual stresses at the crack 
front to nucleate a pre-crack very quickly during spectrum loading.  Guide plates would 
need to be re-designed to allow the compressive load to pass through the specimen net-
section instead of by friction on the guide plates, but prevent the upper and lower thin 
sections from buckling. 
 
The spectrum was named: 301FSFT15tc.dat.  The “301” denotes the station location in the P-
3C aircraft wing.  A part of the modified FSFT spectrum containing the highest load is shown 
in Figure 24, and an exceedance diagram is shown in Figure 25.  The two CMOD gages were 
mounted to the front and back of the specimen, centred over the crack-starter notch, and 
were used to monitor the crack length against cycles using an automated crack-monitoring 
system [96].  The crack-growth tests were terminated before failure under cyclic loading to 
conduct a residual-strength test to determine the elastic-plastic fracture toughness 
parameters [92, 93].  These spectrum crack-growth tests were used to develop the constraint-
loss regime (plane-strain to plane-stress) behaviour used in the FASTRAN life-prediction 
code. 
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Figure 24 : Part of the P-3C aircraft full-scale fatigue test wing spectrum loading 
 
Figure 25 : P-3C aircraft full-scale fatigue test wing spectrum loading exceedance diagram 
 
4.5 Fatigue-crack-growth tests and modelling 
Fatigue-crack-growth tests were conducted on the C(T) specimens to establish the baseline 
ΔK-rate data over a wide range of rates from threshold to near fracture for several R values.  
These data were then used to obtain a crack-closure based ΔKeff-rate relation to use in the 
FASTRAN code.  In addition, crack-growth tests were also conducted on M(T) specimens 
under spectrum loading at two maximum stress levels (Smax) to establish the constraint-loss 
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(plane-strain to plane-stress) regime on the ΔKeff-rate relation.  Comparisons were then made 
between measured and calculated crack length against cycles on the spectrum loading tests. 
 
4.5.1 Constant-amplitude loading tests 
A typical example of the fatigue surfaces produced during the constant amplitude testing on 
the C(T) specimens is shown in Figure 18.  The typical average surface roughness Ra was 
measured and found to be 4 μm.  
 
Figure 26(a) shows the ΔK against rate results from constant-amplitude tests for several high 
load ratios (R = 0.6, 0.7 and 0.85).  Three different width specimens at two different 
thicknesses were tested. For high R tests (like R = 0.7), past research on a variety of materials 
has shown good agreement between the ASTM LR and CPLR methods [83-85], so only the 
CP methods were used here for the high R tests.  The data fell extremely close to each other 
over four orders-of-magnitude in fatigue crack growth rates.  These results show the classical 
behaviour for aluminium alloys, in that, a lower plateau forms above the threshold region, 
then grows sharply through a transitional region, and then grows to failure.  A CPLR test 
could not be conducted at R = 0.85 due to BFS gage sensitivity caused by the small load 
amplitudes; thus, two CPCA tests were conducted.  In addition, one of the R = 0.6 CPLR 
tests, after a very low rate was obtained, was tested at R = 0.85 for the upper CA portion.  In 
general, the CPLR tests were followed by a CA test at the same or higher R value.  In the 
lower plateau region, the results for all R values agreed very well.  But the R = 0.85 rates 
were higher than the other results at a given ΔK in the transitional region and then grew to 
failure at a ΔK value lower than the other tests, i.e. ΔK at failure = KIe (1 – R).  It appeared 
that the ΔK-rate relation was independent of thickness (B = 3.2 and 6.35 mm) and specimen 
width for the current tests; but the fracture toughness could be lower for the thicker material. 
 
For low R tests (like R = 0.1), past research has shown that, in general, there are significant 
differences between the ASTM LR and CPLR methods [83-85] in the threshold regime for a 
wide variety of materials, so here all four threshold test methods were used.  The ΔK-rate 
data generated at R = 0.1 are shown in Figure 26(b).  For the constant CMOD method [86], 
the procedure to maintain a constant CMOD during load reduction was programmed into 
the automated crack-monitoring system [96] and the load reduction procedure was started at 
about 3.2 MPa-m1/2, and the test was terminated at a ΔKth of 2.2 MPa-m1/2.  This value of 
ΔKth was expected on the basis of CPLR threshold tests conducted on the 7075 aluminium 
alloy [98].  After reaching threshold, a CA test was initiated at a ΔK of 3 MPa-m1/2 and the 
crack grew to failure, but the ΔK-rate data fell to the lower side of all the other tests in the 
transitional region.  This region (shown by the horizontal lines) defines the transition 
between the lower and upper plateau regions. The ASTM LR test (C = -0.08 mm-1), which 
started load reduction at a ΔK of about 4 MPa-m1/2, went down to a much lower ΔKth value.  
Then two CPLR tests, which also started at the same initial ΔK value, went down to slightly 
lower ΔKth values, like 1.4 MPa-m1/2.  These results were totally unexpected, since the 7075 
alloy (T6 and T651) produces ΔKth values of about 2 MPa-m1/2 for R = 0.1 loading [98]. 
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(a) 
 
(b) 
 
Figure 26 : (a) Fatigue crack growth rate against stress-intensity factor range for high R tests. (b) 
Fatigue crack growth rate against stress-intensity factor range for R=0.1 tests. 
To better understand the results shown in Figure 26(b), the crack-opening-load ratio 
(Po/Pmax) were measured during some of the tests using the BFS (remote) method and these 
results are shown in Figure 27.  The crack-monitoring system recorded the crack-opening-
load ratios for 1% and 2% offset compliance [96]. ASTM E647 recommends the 2% offset 
compliance for the crack-opening load, but based on local side-face strain-gauge 
measurements [85], the local method gives crack-opening load values significantly higher 
than the 2% offset values. Thus, the current paper used the "zero-percent" offset value, which 
is OP0 = 2 OP1 – OP2, where OPn is the compliance offset at n%, as shown in Figure 27. 
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Figure 27 : Crack-opening load ratio as a function of crack length to width ratio for R=0.1 tests. 
Figure 27 shows the crack-opening-load ratio as a function of crack-length-to-width ratio 
(c/w).  The plot shows the crack-starter notch and the two criteria [83-85] (two vertical lines) 
to avoid residual-stress effects from compression pre-cracking and stabilization of the crack-
opening load, Δc ≥ 3 (1 – R) ρc, and the notch effects on stress-intensity factors, Δc ≥ 0.5 hn.   
The solid black circles show the measurements from the constant CMOD method [86] that 
shows a rapid rise and high values in the crack-opening load ratios.  The rapid rise is due to 
the development of crack-closure effects and high values are suspected to have been caused 
by remote closure.  The high values of crack-opening loads are consistent with the slower 
rates at a given ΔK value.  But during the CA portion, the Po/Pmax ratio dropped to about 0.5 
(because the Pmax value was instantaneously increased) and then slowly dropped with 
further crack growth.  For the very deep crack, the fatigue surfaces were very flat. At c/w 
ratios greater than about 0.8, the uncracked ligament is less than 4 times the thickness, and 
this would indicate that the constraint level could approach plane-strain conditions [99].  The 
two CPCA tests (square and diamond symbols) showed nearly constant crack-opening ratios 
for c/w ratios up to 0.5 and then dropped to another constant value at about c/w = 0.6.  This 
range, c/w = 0.5 to 0.6, corresponded very closely to the transitional region (solid lines) 
shown in Figure 26(b).   The transitional region here refers to the transition from one region 
of stable Paris type of behaviour [3] to another region of steady Paris type behaviour.  This 
was referred to earlier as the transition from the lower to the upper plateau regions.  One 
CPCA test was stopped at c/w = 0.7, but the other test developed double-shear (V-shear) 
fatigue surfaces for c/w > 0.8.  Note that fatigue surfaces under V-shear do not grow 
straight, but grow along a curved path, so the crack-opening measurements are suspect. 
 
The solid horizontal line in Figure 27 is the crack-opening value calculated from the 
FASTRAN model for a constraint factor (α) of 1.85 and the dashed lines are ±10% variation.   
The model agreed fairly well in the early stages of crack growth for 0.33 < c/w < 0.55, but 
over-estimated the crack-opening ratio by about 10% for 0.55 < c/w < 0.8.  It has been 
observed that low R and high R fatigue-crack-growth-rate data on a ΔK-rate basis are 
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merging for deep cracks in bend-type specimens [20], indicating a lack of crack closure 
(plane-strain conditions).  Solanki et al [100] has found that under pure plane-strain 
conditions on a bend-type specimen under R = 0 loading, crack closure would not occur, but 
using the same model for a tension-type specimen, crack closure was observed at a fairly 
high level.  Thus, the crack-growth behaviour for deep cracks in bend- and tension-type 
specimens is expected to be vastly different.  Further experimental studies are needed to 
better understand the behaviour of deep cracks under tension and bending loads. 
 
In Figure 26(b), it appears that the high threshold behaviour developed during the constant 
CMOD threshold test at R = 0.1 influenced the crack-growth behaviour during the CA 
portion.  Thus, it is proposed that the threshold testing procedure using load reduction at a 
given R value should be followed by a CA test at a higher R value, such as that shown in 
Figure 28.  This chart shows the CP pre-cracking stage, the CPLR and CA testing portions, 
and the expected crack-opening load behaviour during each portion.  After a CPLR test has 
reached a threshold value (rate less than 10-10 m/cycle), the CA test should be conducted at a 
higher R value, such that the minimum load is higher than the previous highest crack-
opening load.  This would prevent the previous load history from influencing the crack-
growth behaviour during the CA portion.  Under the high R loading, the crack should be 
grown at least one plastic-zone size to stabilize the crack-opening load [47] and to generate 
steady-state data. 
 
 
 
Figure 28 : Load sequences proposed in compression pre-cracking load reduction and constant 
amplitude testing 
4.5.2 Modelling constant-amplitude crack-growth-rate data 
For most damage-tolerance and durability analyses, linear-elastic fatigue-crack-growth 
analyses have been found to be quite adequate.  Thus, the effective stress-intensity factor [5] 
is 
 
 Keff = (Smax – So) (c)  F                                                                         (1) 
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where Smax is the maximum applied stress, So is the crack-opening stress and F is the 
boundary-correction factor.  The boundary-correction factor accounts for the configuration 
(boundaries, holes, crack shape) on stress-intensity factors.  In general, for any crack 
configuration, the effective stress-intensity factor range [4, 5] is given by 
 
 Keff = U K = [(1 – So/Smax)/(1 – R)] K                                                                  (2) 
 
The crack-growth relation used in FASTRAN is 
 
 (dc/dN)i = C1i (Keff)C2i [1 – (Ko/Keff)p]/[1 – (Kmax/KIe)q]                                  (3) 
 
where C1i and C2i are the coefficient and power for each linear segment, ΔKeff is the effective 
stress-intensity factor range, ΔKo is the effective threshold, Kmax is the maximum stress-
intensity factor, KIe is the elastic fracture toughness (which is, generally, a function of crack 
length, specimen width, and specimen type).  Constants p and q are selected to fit test data in 
either the threshold or fracture regimes.  Whenever the ΔKeff was equal to or less than ΔKo, 
then the crack would stop growing; and whenever the applied Kmax value reached or 
exceeded KIe, then the specimen or component would fail. 
 
There are two equations that are used to express the threshold ΔKo as a function of stress 
ratio and they are: 
 
                          ΔKo = C3 (1 + C4 R)  or  ΔKo = C3 (1 – R)C4                                                       (4) 
 
For the first expression, C4 is normally negative, while C4 in the latter expression is positive.  
 
Newman [92, 93] proposed the Two-Parameter Fracture Criterion (TPFC) to correlate 
fracture data and to predict failure loads on cracked metallic materials.  The TPFC equation 
is used to compute the elastic stress-intensity factor at failure, KIe, as 
 
 KIe = KF / (1 + m KF /[Su ( c) Fn])      for Sn < σys                                                      (5) 
 
where KF and m are the two fracture parameters, Sn is the net-section stress, and Su is the 
plastic-hinge stress based on the ultimate tensile strength.  Note that Fn is the usual 
boundary-correction factor (F) on the stress-intensity factor with a net-to-gross section 
conversion [93].  For example, for the M(T) specimen Su is equal to σu, the ultimate tensile 
strength, and for a pure bend specimen, Su = 1.5 σu.  A similar equation, as equation (5), was 
derived for Sn > σys, see [93]. 
 
Figure 29 shows the elastic stress-intensity factor at failure, KIe, against crack length to width 
ratio (c/w) for both C(T) and M(T) specimens.  The M(T) specimen data are shown as solid 
square symbols; and they were used to evaluate KF because the net-section stresses at failure 
on all specimens were below the yield stress of the material.  The m-value was found by 
trial-and-error because the net-section stresses on the C(T) specimens were all greater than 
the yield stress of the material.  For the C(T) specimens, the solid symbols denote flat or 
single-shear fracture surfaces, while the specimens denoted by open symbols exhibited 
double or V-shear fracture.  The cracks under V-shear fracture exhibit non-straight crack 
paths and, generally, produce higher fracture toughness values.  Ideally, the best way to 
evaluate the m-value is to have fracture data on larger width M(T) and C(T) specimens with 
Sn < σys.  The solid and dashed curves were calculated KIe values from the TPFC for Sn < σys; 
and the dotted curves are using the equations for net-section stresses greater than the yield 
stress.  For the C(T) specimens, the upper curve is for the 71 mm wide specimens, while the 
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lower curve is for the smaller width specimens.  These results show that the TPFC was able 
to correlate fracture for bend- and tension-loaded crack configurations. 
 
Figure 29 : Elastic stress-intensity factor at failure and Two-Parameter Fracture Criterion analyses 
The high R data on the C(T) specimens were used to develop the effective stress-intensity 
factor range against rate relation, as shown in Figure 30(a), as the solid lines with circular 
symbols (also see Table 2).  The C(T) specimens did not develop a flat-to-slant crack-growth 
behaviour, so a constraint-loss regime most likely does not exist for the deep cracks under 
bending loads (high constraint).  The solid curves are predicted behaviour from equation (3) 
using a constant constraint (α = 1.85), but at high R, very little crack closure exists, so ΔK is 
nearly ΔKeff.  For the 7249 alloy, the effective threshold term, ΔKo, was set to zero, and the 
threshold behaviour was modelled with the multi-linear data (i.e., no fanning with the load 
ratio). 
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(a) 
 
 
(b) 
 
 
Figure 30 : (a) Effective stress-intensity factor range against rate and calculations of behaviour for 
various high load ratios. (b) Effective stress-intensity factor ranges against rate and calculation for 
R=0.1 
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Table 2 : Effective stress-intensity factor against rate relationship for 7249-T76511 
 
ΔKeff, MPa√m dc/dN, m/cycle 
0.87 
1.00 
1.15 
1.38 
3.05 
4.80 
8.60 
18.0 
44.0 
ΔKo=0 
KF=110 MPa√m 
α=1.85 (a,b) 
α=1.15 (b) 
4.00e-11 
3.00e-10 
8.00e-10 
1.40e-9 
7.00e-9 
7.00e-8 
3.00e-7 
2.30e-6 
3.00e-5 
p=1, q=4 
m=0.5 
6.00e-7 
7.50e-6 
(a) Use constant constraint, α=1.85 for C(T) 
(b) Use constraint-loss regime for M(T) only 
 
However, for the M(T) specimens, a constraint-loss regime is assumed to exist.  One M(T) 
specimen tested at R = 0 loading developed the flat-to-slant crack-growth behaviour at the 
rate shown by the solid diamond symbol (upper left).  The constraint-loss regime 
(constraints and rates) were established from the spectrum load tests conducted in the next 
section. In the future, local crack-opening loads need to be measured on M(T) specimens 
during the transition from flat-to-slant crack growth to verify the increase in crack-opening 
loads during the constraint-loss regime.  The vertical dashed line, (Keff)T  = 0.5 o B, is an 
expression developed by Newman [17] to predict the transition from flat-to-slant crack 
growth, where o is the flow stress and B is the material thickness.  The range of the 
constraint-loss regime, in terms of rate or Keff, is a function of thickness, but this relation has 
yet to be developed.  Trial-and-error methods are currently used to establish the range in 
crack-growth rates where the constraint-loss regime will occur for a given material and 
thickness. 
 
Figure 30(b) shows the R = 0.1 test data, except for the constant CMOD test data that as 
explained earlier in Section 4.5.1 appeared to have been affected by the load-reduction test 
procedure.  The solid lines with circular symbols show the Keff-rate relation and the solid 
curve shows the calculated behaviour at R = 0.1 using a constraint factor of 1.85.  The 
agreement is fairly good except in the lower plateau region and approaching the threshold 
region. 
 
4.5.3 Spectrum loading tests and modelling 
The typical fatigue crack surface produced during spectrum loading tests on the 7249-T76511 
M(T) specimens is shown in Figure 31.  The typical average surface roughness Ra was 
measured and found to be 4 μm.  
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Figure 31 : Typical fatigue surface from 7249-T76511 M(T) specimens 
The first spectrum test (maximum spectrum stress, Smax, of 215 MPa) was conducted on an 
M(T) specimen that used some advanced crack-monitoring and spectrum loading software 
[96], but did not use a training specimen (or correction file) because the maximum frequency 
was set at 4 hertz and the maximum load rate was 100 kN/sec.  A training specimen with the 
same initial stiffness as the real specimen and with the same applied load history may be 
used to develop a correction file that over or under commands the test machine to match the 
target loads very accurately.  But an advantage of the software was that the target loads and 
actual applied loads are recorded during the complete test.  As previously mentioned, to 
help initiate a crack at the EDM notch, three compressive cycles were applied to the notched 
specimen.  The solid symbols in Figure 32 show the crack length against cycles recorded 
using the compliance method. But as the crack length became large, the CMOD gauges were 
removed to protect them from damage, and the crack length was visually monitored (open 
symbols).  When the crack length reached about 30 mm, the spectrum load test was 
terminated and a residual-strength test was conducted to determine the maximum failure 
load. 
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Figure 32 : Measured and calculated crack length against cycles for M(T) specimen subjected to full-
scale fatigue testing spectrum without correction file. 
The first calculation made with FASTRAN Version 5.42 code was using the target spectrum 
(large dashed curve) and the initial results from the 5 mm initial notch (crack) length were 
fairly good, but the model produced much longer crack-growth life than the test.  All 
spectrum life calculations were performed under a cycle-by-cycle crack-growth simulation.  
Since the early development of the crack-closure model and the FASTRAN code, computer 
speeds have greatly increased so that these types of calculations can easily be made.  Thus, 
an analysis was conducted using the actual spectrum loads, but the results exhibited a very 
rapid crack growth at the start of the test compared to the test data.  Note that the test data 
showed that it took some spectrum cycles to nucleate a crack at the EDM notch and that the 
small number of compressive cycles probably was not very effective.  The last calculation 
started with a smaller initial crack length, so that when the crack length reached about 7 mm, 
the crack length was correct and the cyclic history of loading was correct; and now the 
calculated results agreed very well (less than 10%) with the test data.  Note that this 
specimen failed in less than one application of the FSFT spectrum (~300,000 cycles). 
 
After the experiences with the first spectrum test, a training specimen was developed that 
had the same initial stiffness as the M(T) specimen.  The training specimen was subjected to 
the same spectrum at a maximum stress level of 215 MPa for two complete applications of 
the 301FSFT15tc.dat spectrum to develop a correction file.  The second M(T) specimen had 
six compressive cycles applied to help nucleate a crack at the EDM notch, and then the 
spectrum test was conducted using the correction file.  Again, the solid symbols in Figure 33 
show the compliance measured crack length against cycles and the open symbols are the 
visual observations.  Here the calculations with FASTRAN using the target and actual 
spectrum loads gave very similar results indicating that the correction file greatly improved 
the test machine operation.  It is suspected that the slight differences are due to the stiffness 
changes due to crack growth during the test and that the correction file is continuously being 
updated.  The dashed-dot curve shows the calculations assuming a constant constraint factor 
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of 1.85, which greatly under estimated the crack-growth life.  Thus, these results show that 
the constraint-loss regime, as selected by trial-and-error using the previous crack growth 
result, was necessary to allow the FASTRAN model to match the spectrum test results.  But, 
again, the initial rate of growth calculated from FASTRAN was much faster than the test, 
indicating that more compressive cycles were still needed to nucleate a crack at the EDM 
notch. 
 
 
 
Figure 33 : measured and calculated crack length against cycles for M9T) specimen subjected to full-
scale fatigue testing spectrum with correction file at 215 MPa maximum stress. 
The third spectrum test (Figure 34) was conducted at a lower maximum spectrum stress of 
156 MPa.  Again, the training specimen was subjected to the same spectrum at the lower 
maximum stress level for two complete applications of the 301FSFT15tc.dat spectrum to 
develop a new correction file.  The third M(T) specimen had more compressive cycles 
applied to help nucleate a crack at the EDM notch, and then the spectrum test was conducted 
using the new correction file.  Again, the solid symbols show the compliance measured crack 
length against cycles and the open symbols are the visual observations.  This test required 
almost 3 applications of the FSFT spectrum.  The calculations with the FASTRAN code using 
the same Keff-rate data and constraint-loss regime for the target and actual spectrum loads 
showed some slight differences.  It is suspected that the differences are due to the stiffness 
changes due to longer crack lengths during the test.  Again, the dashed-dot curve shows the 
calculations assuming a constant constraint factor of 1.85, which greatly underestimated the 
crack-growth life. 
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Figure 34 : measured and calculated crack length against cycles for M(T) specimen subjected to full-
scale fatigue testing spectrum with correction file at 156 MPa maximum stress 
Figure 35 shows a photograph of the fatigue surfaces for the last two M(T) specimens, which 
shows the EDM notch in the centre and the spectrum markings with black oxide debris on 
the surfaces.  These specimens also show the development of shear lips on the specimen 
surfaces.  As mentioned, the spectrum tests were terminated prior to fracture to conduct 
residual-strength tests to determine the fracture toughness. 
 
 
Figure 35 : Fatigue crack surfaces for M(T) specimens subjected to full-scale fatigue testing spectrum 
at 156 Mpa (top) and 215 MPa (bottom) maximum applied stress 
FASTRAN (Version 5.42) life-prediction code, as mentioned, was used in the cycle-by-cycle 
option and it was of interest to study the crack-opening loads during the peak load 
application in the FSFT spectrum.  The peak loads are the causes of the crack-growth delays 
during the spectrum loading.  Figure 36 shows part of the 301FSFT15tc spectrum around the 
location of the highest load with the calculated crack-opening load ratio for each cycle.  The 
normalized load is the applied load divided by the highest load in the spectrum sequence. 
The crack-opening-load ratio was about 0.35 and nearly stable, until the severe overload was 
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applied. After the application of the overload, the ratio sharply dropped to about 0.2 and 
then began to slowly rise. A phenomenon referred to as “delayed retardation” was observed.  
Initially, the crack-growth rate accelerated, and then retarded with further crack growth.  
 
 
Figure 36 : Calculated crack-opening load ratio for part of the full-scale fatigue testing spectrum 
around maximum applied load location 
4.6 Summary for very smooth 7249-T76511 material  
Fatigue-crack-growth tests were conducted on compact, C(T), specimens made of 7249-
T76511 aluminum alloy—a wing replacement material for the P-3C naval aircraft. Constant-
amplitude tests were conducted to generate crack-growth-rate data from threshold to near 
fracture over a range of load ratios (R = Pmin/Pmax = 0.1 to 0.85).  Four methods were used to 
generate near threshold fatigue-crack-growth-rate data: (1) ASTM E647 load-reduction, (2) 
compression pre-cracking constant-amplitude (CPCA), (3) compression pre-cracking load-
reduction (CPLR), and (4) constant crack-mouth-opening-displacement (CMOD) load-
reduction method.  The ASTM E647 and compression pre-cracking methods (CPLR and 
CPCA) produced very similar near threshold results, but the constant CMOD method 
produced a much higher (Kth) threshold at R = 0.1 than the other two methods.  Thus, the 
CMOD test results were not used in determining the effective stress-intensity factor range 
against rate relation.  The Two-Parameter Fracture Criterion was used to determine the 
elastic-plastic fracture toughness values (KF and m) that correlated fracture for C(T) and 
middle-crack-tension, M(T), specimens.  A crack-closure analysis was used to develop an 
effective stress-intensity factor range against rate relation using a constraint factor ( = 1.85) 
to collapse the high and low load ratio data.  Comparisons made between the measured and 
calculated K-rate behavior using the crack-growth equation in the crack-closure model 
were quite good from threshold to fracture for both low and high load ratios (R). 
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Simulated aircraft wing spectrum tests were conducted on M(T) specimens using a modified 
full-scale fatigue test spectrum.  The spectrum had about 300,000 cycles.  The use of a 
training specimen to train the test-control software was extremely helpful in commanding 
the test machine to match the target loads during the spectrum sequences.  The tests were 
used to develop the constraint-loss regime (plane-strain to plane-stress;  = 1.85 to 1.15) 
behaviour.  Comparisons were made between the spectrum tests and calculations made with 
the FASTRAN life-prediction code (Version 5.42) under a cycle-by-cycle option; and the 
calculated crack-growth lives were generally with 10% of the test results. 
 
Apart from the constraint loss regime which applies for the M(T) specimens only, consistent 
constraint factors correlated both the constant amplitude and spectrum loading 
measurements for the 7249-T76511 material.  This suggested that in this case there was no 
evidence of closure being caused by mechanisms other than plasticity.  The plasticity 
induced crack closure modelling using FASTRAN captured the behaviour very well in this 
case.  These observations are also consistent with the observation of the fatigue crack 
surfaces which were very smooth and flat, and the typical average surface roughness Ra was 
about 4 µm.  Constraint factors used here were consistent with elastic-plastic FE analysis 
results and the same consistent constraint assumptions were used for both constant 
amplitude and spectrum loading. 
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5. Smooth crack surface material: 7075-T6 
5.1 Introduction 
The ability to accurately model and understand the formation and growth of fatigue cracking 
in high strength metallic aircraft structures is critical in terms of both safety and cost.  
Structural integrity management must be based on high fidelity analysis and interpretation 
of test data.  In order to account for uncertainty it is necessary to be conservative, which 
means that inspections are typically carried out more frequently, life enhancing 
modifications are incorporated more urgently, and retirement times are earlier than 
otherwise might be the case.  Recent experience with the Royal Australian Air Force P-3C 
Maritime Patrol aircraft fleet [101] has clearly demonstrated the benefits which can be 
realized through improvements in the analytical models, and the fundamental material 
characterization data behind them.  
 
In the case of fatigue crack growth analysis, the baseline constant-amplitude rate 
characterization data are crucially important.  The threshold and near threshold region are 
particularly important because a large portion of the total life is spent in that regime.  
Traditionally, the baseline rate data are determined from testing on either Compact Tension 
(C(T)) or Middle Tension (M(T)) specimens in accordance with methods described in ASTM 
Standard Test Method E647 [16].  Data in the threshold region are often derived using 
tension pre-cracking followed by a load reduction method.  Ohta et al. [69] and Minakawa 
and McEvily [102] showed a rise in the crack-closure levels as the threshold conditions are 
approached using load reduction methods similar to the ASTM E647 technique.  The 
behaviour was attributed to roughness- and fretting-debris-induced crack-closure effects. 
Newman [68, 70] and McClung [71] also showed a rise in crack closure associated with the 
load-reduction method using strip-yield and finite-element models, respectively.  The 
models showed that the test method exhibits anomalies due to load-history effects from 
residual-plastic deformations.  
 
Compression pre-cracking methods have been demonstrated  to avoid many of the problems 
associated with the ASTM E647 tension pre-cracking load reduction technique [103].  Some 
materials are more sensitive than others.  7050-T7451 alloy, for example, was found to be 
very sensitive, but 7075-T651 was not significantly affected [103].  Data for 7050-T7451 
generated by the compression pre-cracking method were compared by Walker and Barter 
[36] with naturally occurring (no notch or pre-crack) short crack data measured using a novel 
marker load and Quantitative Fractography (QF) method.  The two separately derived data 
sets were in very good agreement.  The data were then used with the analytical fatigue crack 
closure based code FASTRAN [10] to conduct an analysis for crack growth under variable 
amplitude spectrum loading.  The analytical results correlated very well with the test data 
[6]. 
 
Another very important issue is to determine whether the pre-cracking method (tension or 
compression) has any influence on the subsequent fatigue crack propagation under variable 
amplitude spectrum loading.  Materials which have been found to exhibit sensitivity in the 
constant amplitude case such as 7050-T7451 have been found to have no such sensitivity 
when the subsequent fatigue cycling is under spectrum loading [35].  Testing on that matter 
has been conducted using both C(T) and M(T) specimens and the results suggest that there is 
very little, if any, effect for the 7075-T6/T651 alloy. 
 
Baseline Compression Pre-crack Constant Amplitude (CPCA) and Compression Pre-crack 
Load Reduction (CPLR) tests were conducted for a range of stress ratios from threshold 
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through to fracture.  Spike overload tests and variable amplitude spectrum load tests with 
both compression and tension pre-cracking were also conducted.  An improved material 
characterization model was developed and evaluated using the updated version of 
FASTRAN Version 5.42 [7].  The model was then evaluated against a variety of spectrum 
loading examples from Australian and US tests on 7075-T6/T651 M(T) coupons.  
 
5.2 Test details 
5.2.1 Material and Specimen Configurations 
The 7075-T6 C(T) specimens were obtained from the Defence Science Technology 
Organisation (DSTO) in Melbourne, Australia.  All specimens were tested in the L-T 
orientation (crack perpendicular to the rolling direction).  All were 76.2 mm wide and most 
were 3.2 mm thick, but data were also obtained from one specimen that was 2.0 mm thick.  A 
back face strain gauge was applied to all the specimens to facilitate compliance based crack 
length measurements [104].  Visual readings were also undertaken using a travelling 
microscope on one side of the specimen.  The surface was polished to aid in the visual 
readings. All tests were conducted under laboratory air and room temperature conditions. 
 
5.2.2 Constant Amplitude Loading 
A typical example of the fatigue surface produced during the C(T) tests is shown in Figure 
19.   The typical average surface roughness Ra was 8 μm. 
 
A total of 7 CPCA/CPLR tests were performed at a range of stress ratios (R).  For the 3.2 mm 
thickness, three tests were conducted at R=0.1, and one each at R=0.4, 0.7 and 0.9.  One test 
was conducted at R=0.7 at the 2 mm thickness.  Pre-cracking was performed using 
compression-compression loading consisting of about 30,000 cycles.  In the case of the 3.2 
mm thick coupons the minimum load during the pre-cracking was -1,780-N and cycling was 
performed at R = 8. In the case of the 2 mm coupon the minimum load was –980 N and R 
was 4.  These loads equate to a 
E
KCP
value of 0.00016 √m, which is about one-half the value 
recommended in [103].  The lower load has been found to still be very effective in creating a 
sharp initial crack.  The cyclic loads were typically applied at a frequency of 10 Hz during 
compression pre-cracking, but 18 Hz was used during the primary loading at the various 
stress ratios (R).  Crack growth data were produced from threshold through to fracture for a 
range of 7 orders of magnitudes of rate, as shown in Figure 37. 
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Figure 37 : 7075-T6 fatigue crack growth rate data from C(T) specimens 
5.2.3 Spike overloads 
Spike overload tests were performed on three of the 3.2 mm thick C(T) specimens.   After the 
compression pre-cracking, constant amplitude loading at R = 0.1 with a maximum load of 
445-N was applied to grow the crack to a length of 35.6 mm when the first overload was 
applied.   The testing was then continued until a crack length of 40.6 mm was reached when 
a second overload was applied.  
 
5.2.4 Spectrum loading 
A total of 7 C(T) specimens were tested under spectrum loading.   All were the 3.2 mm thick 
coupons.  The spectra were based on a tension-dominated P-3C wing load sequence applied 
during full scale fatigue testing, but modified to enable the sequence to be applied in a 
tension-tension manner (due to the pin loaded C(T) specimen configuration).  The sequence 
was also filtered (small amplitude cycles removed) to enable it to be applied in a reasonable 
time.  Two scaling levels were also applied; one at 1,334 N peak and the other at 2,668 N 
peak.  
 
The original sequence had 439,405 cycles representing 15,000 flight hours, and once 
normalized so that the maximum tension value was 1.0, the minimum in the sequence was -
0.177.  The sequence was modified such that the mean stress shifted to be all tension with the 
maximum spectrum turning point (peak) value of 1.0 and the minimum turning point 
(valley) value of 0.1.  Preliminary crack growth analyses suggested that a truncation or filter 
level of 15 % would have very little effect on the crack growth.  The 15% filter level reduced 
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the cycles per block down to 299,773, which reduced the test time considerably.  One 
specimen at the 2,668 N scaling level was also tested under a version of the sequence which 
was filtered at 17.25% which reduced the cycle count further to 151,633 per block, resulting 
in a longer life by about 35% compared with the 15% filter level.  
 
5.2.5 FASTRAN Version 5.42 
An updated and improved version of the FASTRAN analytical crack closure based crack 
growth analysis tool, Version 5.42, was used here [8].  The improvements over earlier 
versions are summarized as follows: 
 
 Plastic-zone region refined (20 elements in plastic zone instead of 10 elements, like 
STRIPY in NASGRO) 
 Crack-growth increments (Δc*) reduced to 5% of cyclic-plastic-zone size instead of 
20% 
 New crack-opening function developed to fit the refined model (slight increase in 
crack-opening stresses) for steady-state constant-amplitude loading 
 NMAX input enabled (normally set to 1000, but enables cycle-by-cycle calculations 
with NMAX = 1) 
 K-analogy activated for all 2D and 3D crack configurations (see Section 5.2.6) 
 
5.2.6 K-analogy 
The FASTRAN code [8] has two analytical crack closure models.  One is based on a modified 
Dugdale model for a central through thickness crack in a finite width plate.  The other is 
based on a modified Dugdale model for two symmetric through thickness cracks emanating 
from a circular hole in a finite width plate.  It is possible but impractical to develop such 
models for all crack configurations, so Newman [8] developed the concept of “K-analogy”.  
The idea is that for the given K value in any configuration, it is possible to calculate the 
applied stress that would generate that same value of K in the closest configuration for 
which the modified Dugdale model has been developed; one of the two models just 
described.  The crack opening stress value is then calculated using the analogous case rather 
than the actual case.  The idea is that the K value will be the same and so the plastic zone size 
(under small-scale yielding), the local crack surface displacements, the local residual plastic 
deformations and the crack-opening stresses would be nearly the same in both 
configurations.   In FASTRAN Version 5.42 this approach was activated for all 2-D and 3-D 
crack configurations.  2-D cracks means through thickness cracks, and 3-D means part 
through cracks. 
 
5.2.7 Crack growth rate relationship 
For FASTRAN analysis the most important element is establishing the crack growth rate 
versus effective stress intensity factor range relation, and the associated constraint factors.  
 
FASTRAN 5.42 [8] was used to collapse the crack-growth rate versus K data onto a rate 
versus ΔKeff basis. The analysis was performed using constant constraint with α=1.8. The 
issue of constraint is discussed in more detail later.  The data collapsed onto a single unique 
relation reasonably well, as shown in Figure 38, but there was more variation with stress 
ratio in the transitional region and at higher rates (rates > 1.0E-8 m/cycle) than expected.   A 
baseline ΔKeff relation (multi-linear term in Eqn. 1) was determined partly based on these 
analysis results, but the final location for the upper portion in particular was selected based 
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on measured crack opening data, which is discussed later.  This is why the ΔKeff  Baseline 
curve shown in Figure 38 is further to the right than the experimental data. 
 
 
Figure 38 : Effective stress-intensity factor against rate for 7075-T6 
The remote (back face) strain gauge based load-strain record can be used to measure the 
crack-opening load.  This was done using Elber’s reduced strain method [105].   Reliable data 
are produced at low R values [106].  Local gauge data measured closer to the crack tip are 
required for high R.  The FTA fatigue crack growth system [96] was used to record both the 
1% and 2% offset values of the opening load, and these data were extrapolated back to obtain 
the 0% offset value (called OP0).   
 
Measurements of the crack-opening levels in previous work on C(T) specimens have noted a 
rise in the level at the start of a test.  The rise occurs regardless of whether the load is 
reducing or is constant, i.e. either CPLR or CPCA. An example is shown in Figure 39.  A 
CPCA test (solid symbols) that started away from the threshold region did not show the rise.  
Another feature to note is that the opening level drops off as the crack extends beyond about 
2/3 of the width.  This reduction in crack opening load ratio (Po/Pmax) for deep cracks in 
bend type specimens requires further investigation.  The drop in crack opening load ratio for 
deep cracks is thought to affect the rate curve in the upper portion as follows.  As is evident 
from Figure 39, the FASTRAN analysis does not predict the drop off in opening for deep 
cracks and, therefore, the FASTRAN approach results in ΔKeff levels which are too low and 
so the true curve should be further to the right. This was further confirmed next. 
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Figure 39 : Variation in crack opening load as a function of crack length 
Using the R=0.1 measured crack opening load data to calculate ΔKeff produced the results 
shown in Figure 40.  These data explain why the ΔKeff rate curve was determined as shown, 
particularly for the upper portion.  The threshold region is another matter. 
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Figure 40 : Comparison of OP0 based effective stress intensity factor range data 
The OP0 data show that perhaps the threshold curve should be chosen further to the left, but 
the results from the earlier FASTRAN analysis using the plasticity induced crack closure 
concept suggest it should be further to the right.  However the rise in closure close to the 
notch as shown in Figure 39 suggests that the FASTRAN model does not capture what is 
happening in that region very close to the notch.  The OP0 data also exhibit a significant 
amount of scatter in that threshold region.  A judgment had to be made on all of this, and the 
location of the curve was fine-tuned by trial and error to some extent to obtain the best 
analytical prediction correlation for both the spectrum and the spike overload tests.  It was 
found that minor changes in the location of the threshold did not affect the spectrum analysis 
results very much, but the spike overload case was very sensitive to the precise location and 
shape of the curve near the threshold.  A model which captured the spike overload 
characteristics reasonably well and also modelled the spectrum case well was considered to 
have the best prospects of being robust and reliable. 
 
5.2.8 Constraint 
For M(T) or tension-loaded specimens or components, the constraint-loss regime has been 
associated with the transition from flat-to-slant crack-growth behaviour, as shown in Figure 
13.  Schijve [18] has shown that the transition occurs at nearly the same fatigue-crack-growth 
rate over a wide range in stress ratios for an aluminium alloy.  Since Elber’s concept [4, 5] 
correlates fatigue-crack-growth rates, then the transition should occur at nearly the same 
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ΔKeff value.  This observation has been used to help select the constraint-loss regime.  
Newman [17] developed an expression to predict the transition from flat-to-slant crack 
growth and the ΔKeff at transition is given by: 
 
                                                             (Keff)T = 0.5 oB                                                              (5) 
 
where o is the flow stress and B is the specimen thickness.  The range of the constraint-loss 
regime, in terms of rate or Keff, is a function of thickness, but the relation has not yet been 
developed.  Trial-and-error methods are currently used to establish the range in crack 
growth rates where the constraint-loss regime will occur for a given material and thickness.  
The M(T) coupons used later for correlation were 2 mm thick.  From Equation (1), (ΔKeff)T is 
15.4 MPa√m in this case.  The constraint loss region (M(T) only) was estimated to be α=1.8 at 
a rate below 2.54 x 10-7 m/cycle and α=1.1 at rates above 2.54 x 10-6 m/cycle. 
 
The C(T) specimens did not develop the flat-to-slant behaviour, so a constraint-loss regime is 
thought not to exist for deep cracks in the bend-type specimens.  This may be associated with 
the fact that the bend specimens develop a high T-stress which promotes constraint, 
particularly as the cracks extend further across the width of the specimen (deep cracks).  This 
is very different to the M(T) configuration, which has a negative T-stress which promotes 
crack-front yielding and is, therefore, associated with lower constraint.  So in the case of the 
C(T) specimens the constraint was assumed to be constant at α=1.8. 
 
5.2.9 Fracture and threshold model details 
Fracture was modelled using Newman’s Two-Parameter Fracture Criterion [92, 93] as 
described earlier in Section 4.5.2.  The results from several of the C(T) tests are shown in 
Figure 41.  The elastic-plastic fracture toughness KF was set at 105 MPa√m and m was set at 
0.7. 
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Figure 41 : Two-Parameter Fracture Criteria Results 
FASTRAN analyses were conducted with the selected model features to compare the 
individual rate curves at a range of stress ratios.  The exponents on threshold and fracture, p 
and q, were set at 2 and 10, respectively.  In the threshold region, the values of C3 and C4 
were set to zero.  Thus, the threshold behaviour was modelled with the multi-linear curve in 
the low-rate region.  A comparison of the K-rate data for various stress ratios and the 
calculated results from the equation used in FASTRAN is shown in Figure 42.  
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Figure 42 : Rate curve data including FASTRAN modelling comparison 
The FASTRAN model ΔKeff rate curve data are detailed in Table 3.  
 
Table 3 : Effective stress-intensity factor range against rate relation for 7075-T6 (B=3.2 mm). 
 
ΔK, MPa√m  dc/dN, m/cycle 
1.32 5.00E-11 
1.43 5.00E-10 
1.65 1.80E-09 
3.50 1.00E-08 
4.50 6.00E-08 
9.00 3.00E-07 
17.00 1.50E-06 
38.00 4.00E-05 
α1 = 1.8 < 2.50E-07 
α2 = 1.1 (a) >2.50E-06 
C3 = 0.0 C4 = 0.0 
p = N/A q = 10 
KF = 105 MPa√m m = 0.7 
(a) Constraint loss only applies for M(T) configuration 
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5.3 Analysis results 
5.3.1 Spike-overload results and analytical comparison 
In the first spike-overload test, the first overload that was applied was at 2.2 times the 
maximum load (i.e. a single load of 990 N).  In that case the crack was effectively arrested 
because there was negligible crack growth after more than 3 million cycles were applied.  So 
the loads were increased by 10% which was sufficient for the crack to resume growing.  
When the crack reached 40.6 mm another factor 2.2 overload was applied and a small 
amount of delay was observed.  
 
The second test was very similar to the first, but the overloads were applied at a factor of 2.   
A delay of about 250,000 cycles was observed after the first overload (applied at a crack 
length of 35.6 mm), after which the crack resumed a similar growth rate and curve as before 
the overload.  At a size of 40.6 mm another factor 2 overload was applied and a delay of 
about 100,000 cycles was observed. 
 
The third test was the same as the second except the first and second overloads were at 1.8 
and 1.9 times the constant-amplitude maximum load respectively.  A very small amount of 
delay was observed after each overload. 
 
The first spike overload test produced too much delay and the third test produced too little 
delay in terms of being a good test for model development/validation.  The second test 
produced a reasonable period of delay after which the crack resumed a growth pattern, 
which may have been expected had there not been a spike overload.  The results of that 
second spike overload test compared with the FASTRAN analytical result is shown in Figure 
43. 
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Figure 43 : Results comparison for factor 2 spike overload test 
5.3.2 Spectrum loading results and analytical comparison 
As discussed earlier, spectrum loading tests were performed on the C(T) specimens at two 
scaling levels: 1,334 and 2,668 N peak load.  Three tests were performed at the 1,334 N load 
level and three different pre-cracking methods were applied: compression pre-cracking 
followed directly by the spectrum loading (CP), compression pre-cracking followed by a 
small period of constant amplitude loading to grow the crack by 2.5 mm (CPCA), and 
tension pre-cracking (TP) followed by 2.5 mm of growth under constant-amplitude loading 
(TPCA).  The crack growth results along with results from the FASTRAN analysis are shown 
in Figure 44.  
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Figure 44 : 1,334 N scaling level spectrum crack growth comparisons 
The crack growth for the three different pre-crack conditions is almost identical, suggesting 
that the pre-crack method has no effect on the subsequent crack growth for this material.  
The analytical result also correlates well with the experimental measurements. 
 
A total of four tests were performed at the 2,668 N scaling level. A variation on the sequence 
at a higher (17.25%) filter level (more cycles removed) was also applied.  The results are 
summarised in Figure 45.  The analytical results correlate very well with the experimental 
data.  
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Figure 45 : 2,668 N scaling level spectrum crack growth comparisons 
All the elements were now in place to evaluate the model against spectrum loading test data 
from other sources and other configurations.  
 
The model was evaluated against known test data produced by DSTO under the P-3 
program [101].  The case chosen was for a location on the lower wing skin/spar cap near 
where it meets the fuselage, which is also close to the connection from the inner to the outer 
wing.  The location is known as FCA 301 and the load sequence is mostly tension, although 
there are also some compression cycles.  The case used for the comparison here was as 
applied to the Full-Scale Fatigue Test (FSFT).   The C(T) testing described earlier was based 
on a variation of that same sequence, although it was filtered as described and also scaled 
and the global mean stress increased so that it was all tension.  Coupon test results were 
available.  The coupons were M(T) type with a width (total) of 96.5 mm and a thickness of 2.0 
mm and the material was 7075-T6 sheet.  A comparison between the coupon test data for this 
M(T) case with compression is shown in Figure 46.  An earlier FASTRAN analysis result 
using FASTRAN Version 3.8 [101] is also shown.  FASTRAN version 5.42 produced a 
significantly better result compared with the measured data.  The analysis result if a constant 
constraint α=1.8 was applied is also shown.  The constant constraint analysis is very 
conservative, and this case highlights the importance of the constraint loss characteristic for 
the M(T) configuration. 
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Figure 46 : Comparison between spectrum loading testing on M(T) type specimens and FASTRAN 
modelling 
Some further M(T) test data were also available from US Navy sources.  This time the 
material was 7075-T651 rather than 7075–T6, but the same modelling was used.  Tests were 
performed for the FCA 301 location under two variations on US Navy sequences, and tests 
were also performed for another location, FCA 351, which is further outboard on the wing 
and includes a more significant compression component.  The results are detailed in Figures 
44 to 47.  The analytical modelling compared very favourably against the test results for 
those cases too.  
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Figure 47 : M(T) spectrum loading comparison, FCA 301 USN 50th Sequence 
 
Figure 48 : M(T) spectrum loading comparison, FCA 301 USN 85th Sequence 
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Figure 49 : M(T) spectrum loading comparison, FCA 351 USN 50th Sequence 
 
 
Figure 50 : M(T) spectrum loading comparison, FCA 351 USN 85th Sequence 
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5.4 Summary for smooth crack surface material 7075-T6 
A comprehensive coupon testing program was conducted to develop an updated and 
improved FASTRAN based model for 7075-T6.  Constant-amplitude testing on C(T) 
specimens for a range of stress ratios provided K-rate data from threshold through to 
fracture across more than 7 orders of magnitude in crack growth rate.  Back face strain based 
compliance data enabled an accurate estimate of the opening stress level (OP0) for the low R 
tests as the cracks grew and that enabled the upper portion of the ΔKeff curve to be correctly 
located.  Those same OP0 data in conjunction with spike overload test results were very 
helpful in the determination of the threshold features.  When used with an updated and 
improved version of FASTRAN the final result was a model which performed very well 
against several examples involving spectrum loading for a range of sequences and 
geometries (C(T) and M(T)) and for 7075-T6/T651.  A significant constraint-loss regime was 
observed for the M(T) cases.  The C(T) configuration, however, did not exhibit any 
constraint-loss characteristic, so a constant constraint of α=1.8 was applied.  It is 
recommended that the model be fully evaluated against as many spectrum loading cases as 
possible to evaluate performance against a broad range of sequences and geometries. 
 
Apart from the constraint loss regime which applies for the M(T) specimens only, consistent 
constraint factors correlated both the constant amplitude and spectrum loading 
measurements for the 7075-T6 material.  This suggested that in this case there was no 
evidence of closure being caused by mechanisms other than plasticity.  The plasticity 
induced crack closure modelling using FASTRAN captured the behaviour very well in this 
case.  These observations are also consistent with the observation of the fatigue crack 
surfaces which were very smooth and flat, and the typical average surface roughness Ra was 
about 8 µm.  Constraint factors used here were consistent with elastic-plastic FE data and the 
same consistent constraint assumptions were used for both constant amplitude and spectrum 
loading. 
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6. Rough crack surface material: 7050-T7451 
6.1 Introduction 
This Section details an investigation into RICC effects for CA compared with spectrum 
loading for 7050-T7451 aluminium alloy.  Experimental and analytical aspects are 
considered, and the work addresses both small cracks originating at natural discontinuities 
and long cracks originating from starter notches. 
 
6.2 Test details 
6.2.1 Material 7050-T7451 
The material used throughout this Section is aluminium alloy 7050-T7451.  The test data have 
been sourced from several separate test programs.  For the purposes of conducting this 
study, one consistent set of baseline material property data were used as detailed in this 
Section. 
 
The yield strength was 450 MPa, the ultimate tensile strength was 520 MPa, the elastic 
modulus was 71 GPA and the fracture toughness was 40 MPa√m.  Failure was based on 
linear elastic fracture.  The ΔKeff rate curve was taken as the combined method 1-2 rate curve 
detailed in [36].  The details are as per Table 4. 
 
Table 4 : Effective stress-intensity factor against rate relationship for 7050-T7451. 
ΔKeff, MPa-m1/2 dc/dN, m/cycle 
0.57 1.0e-10 
0.70 7.0e-10 
4.0 2.0e-8 
10.0 2.0e-7 
28.0 1.0e-5 
 
6.2.2 Constant-amplitude loading 
Data from testing performed by Newman et al. at Mississippi State University [34] were used 
here.  Low-R data at constant amplitude were used.  The reason was that reliable 
compliance-based crack opening data were measured at low R, and those data could be 
compared with analysis using FASTRAN.  In particular, data from a test at R=0.1 were used.  
The specimen was a C(T) specimen, 50 mm wide and 6.35 mm thick.   The test was 
performed using compression pre-cracking followed by constant-amplitude (CA) loading at 
R=0.1.  
 
6.2.3 Low-KT dog-bones under special spectrum with small bands of constant 
amplitude loading 
Almost all of the data available in the literature relating to measured crack closure and crack 
closure modelling pertains to CA loading.  Very little data exist for spectrum loading.  This is 
especially true for small cracks which initiate at natural features.  However, a novel test and 
analysis program was recently undertaken at DSTO to investigate crack closure for small 
cracks from natural features in 7050-T7451 under spectrum loading [107].  
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The test coupons were low-KT dog-bone coupons from 7050-T7451 material as shown in 
Figure 51.  KT is the stress concentration factor.  The coupons (no starter notches) were etched 
which created pits from which cracks initiated naturally.  In order to ensure that the cracking 
occurred near the centre of the coupons (i.e. the test region), that area was masked off and 
the surrounding area shot-peened.  Cracks typically grew as semi-circular surface cracks 
from an initial size of between 0.01 to 0.02  mm deep.  The typical final crack profile in these 
tests is shown in Figure 52. 
 
 
Figure 51 : Low-KT dog-bone coupons from 7050-T7451 material 
 
 
Figure 52 : Typical surface crack profile in Low-KT dog-bone coupons from 7050-T7451 material 
 
A specially engineered load sequence with six short bands of CA at various mean stress 
levels (R=0.50, 0.44, 0.38, 0.29, 0.17 and 0) inserted between bands of high-R CA loading and 
bands of spectrum loading typical of a fighter aircraft sequence was applied (see Figure 53).  
The load sequence created marks on the fatigue surface which could be clearly identified 
post-test, see Figure 54.    
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Figure 53 : Special test loading sequence with six test bands of constant amplitude cycles at a range of 
R 
 
Figure 54 : Crack surface marking evident from special loading sequence 
 
6.2.4 Low-KT dog-bones under mini-TWIST spectrum 
Another recent test program conducted at DSTO [108] involved testing low-KT dog-bone 
coupons made from 7050-T7451 material very similar to those described in Section 6.2.3.  The 
load sequence applied was the standardised transport aircraft wing load spectrum mini-
TWIST [109].  As for the program detailed in Section 6.2.3, the coupons were etched and the 
cracks in this case typically started from a size of around 0.02 mm.  
 
6.2.5 Full-scale F/A-18 Y488 bulkhead under mini-Falstaff spectrum 
An example of a full-scale aircraft main carry-through bulkhead structure was also 
considered. The case involved cracking in the main carry-through bulkhead Y488 structure 
on a fighter aircraft which had been subjected to mini-FALSTAFF loading [36, 110].  The 
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general test set-up is shown in Figure 55. Once again the cracks typically initiated at etch pit 
features and progressed as semi-circular surface cracks. 
    
  
Figure 55 : Fighter aircraft bulkhead test set-up 
A cross section view of the test failure location is shown in Figure 56, and the detail of the 
main crack identified, known as crack C1, is shown in Figure 57.  The nature of the 
approximately semi-circular surface crack is clearly evident.   
 
 
Figure 56 : Cross section of the fighter aircraft bulkhead failure location 
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Figure 57 : Detailed view of the main crack C1 
 
6.3 Analysis details 
6.3.1 Crack opening loads 
Crack opening loads based on back face-strain compliance using Elber’s reduced strain 
method [4] were measured during the R=0.1 constant amplitude tests. 
 
6.3.2 Crapps/Daniewicz strip-yield roughness-induced crack closure model 
Crapps and Daniewicz [22, 23] developed a combined roughness and plasticity model based 
on a modified strip-yield model.  Their model accounted for the mixed-mode (mode I and II) 
roughness contribution to closure.  Asperity angle was found to be the most significant 
parameter.  The results from the Crapps and Daniewicz model are compared here in the 
context of optical interferometry measurements on the fatigue crack surface from an R=0.1 
Constant Amplitude loading test.  
 
6.3.3 Optical interferometry crack profile analysis 
Optical based crack profile measurements were made for the full crack profile from the R=0.1 
constant amplitude test specimen.  The measurements were taken with a Bruker NPFlex 
optical profiling microscope [111] (see Figure 58) using 3-D white light vertical scanning 
interferometry.  The system has a vertical resolution of 5 nm and profile measurements were 
taken at 3 µm increments to determine profile, roughness and waviness. 
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Figure 58: Bruker NPFlex optical profiling microscope 
6.4 Results 
6.4.1 Constant-amplitude loading 
The compliance based crack opening data were very important in this case because previous 
studies using FASTRAN to analyse crack growth in 7050-T7451 found that low values 
(around 1.3) of three dimensional constraint factor, α, were required for both CA and 
spectrum loading [34-36].  The value of α used in FASTRAN will usually be about 1.8-2.0 [17, 
46, 47, 112, 113], which is consistent with three-dimensional elastic-plastic FEA studies [14, 
15].  The lower value of constraint was needed to account for non-plasticity closure 
mechanisms in this case, and RICC in particular.  The fatigue crack surfaces in 7050-T7451 
have been observed to exhibit a significant amount of roughness. 
 
The crack opening load results from the test are plotted along with FASTRAN-based analysis 
results for a range of α in Figure 64.  The results show that a low value of α (1.0 to 1.3) is 
required in FASTRAN to correlate well with the crack opening measurements in this case.  
That is consistent with the previous experience with 7050-T7451.  A low value of α was 
therefore considered to be required for this study, and that was expected to apply for both 
CA and spectrum loading.  But as shown later, the current study determined that a higher 
value of constraint applied for the spectrum loading.  Previous work with materials such as 
7075-T6 which exhibit a much smoother crack surface with very little roughness have 
required a constraint factor of around 1.8 [114].  Data were available for 7075-T6 material at 
R=0.1 and they are also plotted in Figure 64.  The 7075-T6 data more closely correlate to a 
higher α of around 1.8-2.0 and the 7050-T7451 data compare better against a lower α of 
around 1.0-1.3.  
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The application of a lower value of α to raise the closure level suggests that the plasticity-
only FASTRAN model does not capture the roughness contribution.  This matter was 
explored by Walker et al. [38] for a titanium alloy which also exhibited very rough crack 
surfaces.  A combined plasticity and roughness closure approach developed by Zhang et al. 
[10] was developed and applied with some success.  
 
Another approach was also considered here.  FASTRAN includes the ability to model 
separate constraint factors for compression (β).  If the crack plane deviates from the direction 
perpendicular to the loading direction, as it does when there are crack path changes 
associated with a rough surface, then the permanent deformation component in the loading 
direction will be reduced.  This is consistent with an apparent increase in compressive 
constraint.  The compressive constraint factor is normally assumed to be 1.0 since the crack 
faces are closed and there is no constraint introduced by the crack.  A compressive constraint 
factor β of 1.8 was found to elevate the closure level in this case to match the measured 
results, as shown in Figure 64.  Further work including detailed elastic-plastic FE analysis is 
needed to better understand the concept of an apparent increase in the compressive 
constraint due to roughness.  
 
Optical interferometry results were also considered in the context of the Crapps/Daniewicz 
model [22, 23].  They discovered that an asperity angle of 15° raised the crack opening level 
in 7050-T7451 at R=0.1 from Pop/Pmax=0.4 to about 0.6.   
 
The crack surface from the specimen is shown in Figure 59 and the optical interferometry 
image is shown in Figure 60.  The full crack profile data along the specimen centre-line are 
shown in Figure 61.  An example of the detailed data for a small section of the data and the 
definition of the asperity angle is shown in Figure 62.  Asperity angle was measured along 
the full length of the crack based on the asperities that were identified.  Details are shown in 
Figure 63.  A statistical analysis of the measurements revealed an average asperity angle of 
17.7 degrees, a median angle of 12.7 degrees and a standard deviation of 16.4 degrees.  These 
values are reasonably consistent with the 15 degrees which was used by Crapps/Daniewicz 
which corresponded to an increase in the crack opening load from Pop/Pmax=0.4 to about 0.6.  
This is very similar to that observed in the measured data detailed in Figure 64.  The 
Crapps/Daniewicz model produced a slightly higher value of crack opening load, but the 
comparison is considered to be reasonably good. 
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Figure 59 : Crack surface from constant amplitude R=0.1 test 
 
Figure 60 : Optical interferometry image for R=0.1 constant-amplitude test crack surface 
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Figure 61 : Crack profile measurement results along centre line for R=0.1 constant amplitude 
specimen 
 
Figure 62 : Section of crack profile data showing asperity angle definition 
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Figure 63 : Asperity angle measurements 
 
 
Figure 64 : Crack opening load comparison R=0.1 
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6.4.2 Low-KT dog-bones under special spectrum with small bands of constant 
amplitude loading 
In line with previous work which suggested that a low value of constraint (α) would be 
required in this case, a value of α=1.5 was originally used by Barter et al. [107].  The crack 
growth in each CA band was not predicted very well, and the conclusion reached in [107] 
was that “…the analytical models did not accurately predict the growth of the spectrum with 
regards to closure”.  
 
This result was not expected.  FASTRAN analysis had compared very well using the low 
values of constraint in other cases for 7050-T7451 material [35, 36], but not in [107].  This was 
because the recent work in [107] used the most recent and improved version of FASTRAN, 
Version 5.42 [8], which allows the cycle by cycle calculations.  Version 5.42 also introduced 
some other improvements in the way the code tracks the crack opening stress level and this 
is particularly relevant for cycle by cycle calculations which were needed in this case.  For 
cycle-by-cycle analysis, Version 5.42 neglects the contribution to the crack opening load from 
the crack tip element.  This was done to allow the crack tip element to yield in compression 
(reverse yielding) at the very next minimum load after which it makes a contribution to the 
crack opening load.  This means that the effects due to severe overloads, for example, are 
delayed by only one cycle, but the contribution is much more accurate when it is included.  It 
was found that much better analysis results were obtained using a higher value of constraint, 
i.e. α=2.0, which in effect means that the roughness contribution is ignored.  
 
It is also very important to note however that in this case we are now dealing with a part 
through thickness crack and not a through crack.  The question arises as to whether the 
constraint factor values and the plasticity-induced crack closure effects are substantially 
different for part-through compared to through-thickness cracks.  Other researchers have 
found [45, 46, 115] that the same consistent through crack values of 3-D constraint factor α 
are applicable for part through surface cracks too.  So that approach was used here. 
 
The crack opening load results from an updated FASTRAN analysis at α=1.0 and 2.0 are 
shown in Figure 65.  The low value of constraint produces significantly higher crack opening 
load as expected, such that the opening load is above the maximum load in the constant 
amplitude bands 5 and 6 (corresponding to local R=0.17 and 0 respectively).  If that were 
correct then there would be no crack growth in those bands, but the fractography verified 
that the crack did progress during those bands.  
  
With constraint set at α=2.0, however, the crack opening loads were much more reasonable.  
Crack growth would occur for all six CA bands, and an example of the crack growth 
increment expected at each band (for a crack length of about 1.0 mm at a given pass through 
the block) is shown at Figure 66.  The FASTRAN prediction at α=2.0 compares much better 
against the fractography results.  Crack increments and rates can be extracted from the 
FASTRAN analysis at a range of points as the crack grows, and similar data was available 
from the fractography.  Detailed results for all of the six bands are plotted in Figure 67 to 
Figure 72.  Finally, the overall crack growth curve from the initial 0.02 mm crack is shown in 
Figure 73.  
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Figure 65 : Test sequence with FASTRAN predictions of crack opening load (normalised to the 
maximum load) 
 
Figure 66 : Comparison of FASTRAN predicted crack growth in each test band with the estimate from 
QF 
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Figure 67 : Comparison between FASTRAN predicted rate and QF data for Test Band 1 R=0.5 
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Figure 68 : Comparison between FASTRAN predicted rate and QF data for Test Band 2 R=0.444 
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Figure 69 : Comparison between FASTRAN predicted rate and QF data for Test Band 3 R=0.375 
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Figure 70 : Comparison between FASTRAN predicted rate and QF data for Test Band 4 R=0.2857 
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Figure 71 : Comparison between FASTRAN predicted rate and QF data for Test Band 5 R=0.1667 
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Figure 72 : Comparison between FASTRAN predicted rate and QF data for Test Band 6 R=0 
 
 79 
 
Figure 73 : Full crack growth comparison for 7050-T7451 coupons tested under TS2 sequence at 160 
MPa maximum stress level. Note that this includes one specimen for which the crack initiated from a 
laser slot of about 0.12 mm 
The results in Figure 65 to Figure 73 demonstrate that using a low value of 3D constraint 
factor α as suggested by the CA measurements (see Figure 64) produces a poor correlation 
for the spectrum loading cases.  The results very strongly suggest that the mechanisms 
driving crack closure are very different for CA compared with spectrum loading.  These 
observations are consistent with the findings reported in [42, 43] where changing from 
spectrum to constant-amplitude loading (or vice-versa) was shown to change the local crack 
path and morphology very significantly. 
 
6.4.3 Low-KT dog-bones under mini-TWIST spectrum 
Another test program [108] had been conducted using low-KT hour-glass coupons from 7050-
T7451 material.  The load sequence applied was the standardised transport aircraft wing 
loading spectrum mini-TWIST [109].  The sequence consisted of 64,591 cycles per block.  The 
same settings for the FASTRAN analysis as used in Section 6.4.2, including a constant 
constraint factor α of 2.0, were applied again for these coupons and a comparison of the 
typical crack growth results is shown in Figure 74. 
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Figure 74 : 250 MPa mini-TWIST crack growth comparisons 
6.4.4 Full-scale F/A-18 Y488 bulkhead under mini-Falstaff spectrum 
The same FASTRAN model settings used in Section 6.4.3 were then used to conduct an 
analysis for the F/A-18 bulkhead cracking case described in Section 6.2.5.  This included 
using 3D constraint α=2.0.  The analysis was also performed using a low value of α=1.3 as 
suggested by the results reported in [34].  It is very important to note that Newman et al. in 
[34] advised that caution should be exercised if the low value of α was used for spectrum 
analyses.  The results are shown in Figure 75.  Again it was found that a significantly 
different approach was needed for the spectrum loading case. 
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Figure 75 : Crack growth analysis comparison with test result for fighter aircraft bulkhead cracking 
case 
6.5 Summary for rough crack surface material 7050-T7451 
Test data from 7050-T7451 compact tension specimens subjected to constant amplitude 
loading at R=0.1 were analysed with particular attention to compliance based crack opening 
loads.  Comparison with equivalent results from another high strength aluminium alloy 
(7075-T6) combined with FASTRAN analysis suggested the presence of a significant non-
plasticity contribution to closure for the 7050-T7451 material, likely due to crack surface 
roughness.  Results from another test program involving surface cracks from natural 
discontinuities due to etch-pits which were grown under a combination of spectrum and 
bands of constant amplitude loading in low-KT dog bone coupons were reviewed.  Crack 
opening loads were not measured directly, but the effects of closure could be inferred.  The 
inferred results combined with detailed cycle-by-cycle strip-yield plasticity-induced closure 
modelling suggested that the roughness induced closure for the same 7050-T7451 material 
was significantly reduced compared to the pure constant amplitude loading case.  The 
results were consistent with separate observations noted from the literature detailing 
fundamental differences in crack path, crack morphology and crack progression under 
constant amplitude compared to spectrum loading.  
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7. Extremely rough crack surface material: Beta-annealed 
Ti-6Al-4V ELI 
7.1 Introduction 
This section details a program of coupon testing and analytical model development for a 
high strength titanium alloy with a very coarse grain structure.  β-annealed Ti-6Al-4V Extra 
Low Interstitial (ELI) titanium alloy in thick plate form has been selected for the main wing 
carry through bulkhead structure in advanced military fighter aircraft, including 4th and 5th 
generation fighter aircraft [50].  The extremely coarse-grained microstructure of the titanium 
alloy (average grain size 1.2 mm) [51] suggests that conventional fracture mechanics based 
characterisation may be challenging to apply.  Previous work, including results for another 
β-annealed Ti-6Al-4V alloy STOA [9], has shown that lower thresholds and faster near-
threshold crack growth rates are achieved using compression pre-cracking methods than 
using the standard tensile pre-cracking method.  Thus, compression pre-cracking was used 
in the current study to evaluate crack growth behaviour in the coarse-grained alloy. 
 
Another very important issue is to determine whether the pre-cracking method (tension or 
compression) has any influence on subsequent fatigue crack growth under spectrum loading.  
Materials which have been found to exhibit sensitivity under constant amplitude loading, 
such as 7050-T7451, have been found to have no such sensitivity when the subsequent 
fatigue cycling is under spectrum loading [35].  
 
Baseline Compression Pre-crack Constant Amplitude (CPCA) and Load Reduction (CPLR) 
tests using ESE(T) specimens machined from β-annealed Ti-6Al-4V ELI thick plate alloy in 
the L-T orientation were conducted for a range of stress ratios (R) from threshold through to 
fracture.  The load reduction was performed using two techniques: the standard ASTM E647 
method [16], and a method proposed by Wu et al. [86] where the Crack Mouth Opening 
Displacement (CMOD) is held approximately constant as the load is reduced.  The Wu 
method offers a potential advantage by reducing the possibility of remote contact of the 
crack surfaces at some point during the load, i.e. at some distance behind the crack front.  
 
Spike overload tests and spectrum load tests with both compression and tension pre-
cracking were also conducted.  The aim of the spike overload tests was to activate the non-
linear load interaction effects and thereby produce data against which to test the modelling.  
The spectrum sequence used was a modified version of Mini-Falstaff [116, 117].  The 
spectrum was modified to ensure that the loading was all tension-tension cycles with a 
global stress ratio of 0.1.  This is due to the pin loading design of the ESE(T) specimen.  Three 
different pre-cracking methods were investigated for the spectrum loading case; 
Compression Pre-cracking (CP) only and then the spectrum loading, CPCA then spectrum 
loading, and also Tension Pre-cracking Constant Amplitude (TPCA) then spectrum loading.  
An improved material characterization model was developed and evaluated using an 
updated version of FASTRAN, i.e. Version 5.42 [8].  The analytical model results were 
compared with the single spike overload and spectrum test data.  Crack opening values were 
also measured during the constant amplitude load tests and these were used to develop and 
evaluate the models.  A combined roughness and plasticity crack closure model was also 
developed and correlated against the measured crack opening data. 
 
 83 
7.2 Testing 
7.2.1 Specimen and test details 
The specimens were manufactured from a piece of β-annealed Ti-6Al-4V ELI plate which 
was 2235 mm long, 609 mm wide and 102 mm thick.  Five “blanks” measuring 210 mm long, 
38 mm wide and 6.35 mm thick in the L-T orientation were available for testing.  These 5 
blanks were obtained from one end and approximately mid-width of the large slab, and 
covered the full thickness.  They were numbered “LGAK0X-L-T” where “X” ranged from 1-
5. X=1 corresponded to the surface of the thick plate and the numbers then progressed 
through the thickness.  
 
The proportions for the ESE(T) specimen as detailed in ASTM E647 [16] would require a total 
specimen length of 141 mm, so only one specimen could be obtained from each blank.  Five 
specimens was not considered sufficient to establish the full material crack growth rate 
behaviour, so the concept of using a shortened version of the ESE(T) specimen was 
investigated, so that two specimens could be obtained from each blank.  A boundary element 
analysis was conducted using the FADD2D code [97] for a shortened ESE(T) specimen (96.5 
mm instead of 141 mm in this case), see Figure 76.  The purpose of the analysis was to derive 
the stress-intensity factor (K) solution and back-face strain relationships for the shortened 
version and compare them with the published solution for the full length ESE(T) specimen 
[20].  From these analyses, the compliance-based crack length relation and stress intensity 
factor results for the shortened version were within 1% or less of the full length version 
equations.  Thus, the existing equations for the full length specimen [20] were considered 
acceptable. 
 
 
Figure 76 : FADD2D boundary element model of shortened ESE(T) specimen 
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Given that there were now 10 specimens, an “A” or a “B” was added to the serial number for 
each specimen and the number was engraved on each end of the specimens to enable 
tracking of the history of each sample.  Specimen serial numbers were, for example, 
“LGAK01A-L-T”.  For simplicity in this report, the specimen numbers are presented in an 
abbreviated form, i.e. 1A through 5B.  A summary of the test matrix is at Table 5. 
 
Testing was conducted under laboratory air conditions.  Constant amplitude (CA) loading 
was typically applied at a frequency of 18 Hz.  The variable amplitude spectrum loads were 
applied at about 3-5 Hz.  A strain gauge placed on the back-face of the specimens was used 
for automated crack length measurement, to determine crack opening loads, and also 
provided the facility to measure the residual stress profile using compliance changes.  
Residual stress can sometimes be present in titanium alloys.  In this case, the testing did not 
reveal any significant residual stresses in the coupons. 
 
Table 5 : Test coupon summary 
 
Coupon Serial 
Number 
Test Condition 
1A 
1B 
2A 
2B 
3A 
3B 
4A 
4B 
5A 
5B 
ASTM LR, CA R=0.7 
ASTM LR, CA R=0.1 
ASTM LR, CA R=0.85 
Wu LR, CA R=0.1 
ASTM LR, CA R=0.4 
Wu LR, CA R=0.4, Spike Overload 
CA (no LR) R=0.1, Spike Overloads 
CP + Spectrum 
CPCA + Spectrum 
TPCA + Spectrum 
 
Fatigue cracks in this material were characterised by a very rough and tortuous, surface as 
shown in an example case in Figure 77. The typical average value of surface roughness Ra 
was 50 µm. 
 
 
Figure 77: Typical fatigue crack surface for β-annealed Ti-6Al-4V ELI material 
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7.2.2 Constant amplitude loading 
A total of 6 CPLR/CA tests were conducted at stress ratio (R) values of 0.1, 0.4, 0.7 and 0.85.   
The compression cycles used for pre-cracking in each case were applied at a minimum load 
of -5.8 kN and maximum load of -0.22 kN (R=26) for about 30,000 cycles.  That corresponded 
to a |𝐾𝑐𝑝| /E value of 0.00016 √m, which is about one-half the value suggested in [9].  Recent 
experience has shown that cracks can be initiated very effectively at the lower |𝐾𝑐𝑝| /E level 
and results in a significantly smaller residual stress zone for the crack to propagate through 
before steady-state conditions (stabilised crack-opening loads) are achieved.  The starting 
point for the load reduction method was selected to be as low as possible so that the 
threshold could be effectively determined with these relatively small (narrow) specimens 
and still allow the upper portion of the rate curve to also be obtained from the same 
specimen.  
 
The load reduction was performed using two methods:  
 
1.  The ASTM method [16] with a standard shed rate (C) = -0.08 mm-1. 
 
2.  A method proposed by Wu et al. [86], which reduces the load such that the Crack 
Mouth Opening Displacement (CMOD) is held approximately constant. 
 
The constant amplitude tests produced ΔK-rate data over about six orders of magnitude in 
rates from threshold to near fracture for the range of stress ratios (R) tested.  One very 
interesting aspect of the data, which should be noted, is that in the cases where the K-
increasing CA loading was initiated at some higher stress intensity factor range, after a 
threshold test, there was a period of significantly higher crack growth rates, which quickly 
dropped to a steady-state value more in line with the expected overall trend.  This behaviour 
is discussed in more detail later. 
 
7.2.3 Spike overload tests 
The test plan was to perform one spike overload test, but a test machine malfunction 
inadvertently created a factor 1.88 spike overload during the test on specimen 3B (R=0.4) 
when the crack length was about 25 mm (Note that the spike overload affected results have 
been removed from the data shown in Figure 1 for test specimen 3B). 
 
The planned spike overload test was performed on specimen 4A.  The test was conducted as 
follows.  Compression pre-cracking was conducted as usual and this was followed by 
constant amplitude loading at R=0.1 at a maximum load of 2.56 kN.  When the crack had 
grown to about 16 mm, a factor 2.1 overload (5.38 kN) was applied and then the constant 
amplitude loading was resumed.  After applying about 2x106 cycles the crack had barely 
grown, suggesting that the overload had arrested the crack.  At that point, the loading was 
increased by 30% to a maximum load of 3.34 kN.  The crack resumed growing soon after the 
load change.  When the crack had grown to about 20 mm in length, a second factor 2.1 
overload was applied.  But here there was only a very short period of delay. 
 
7.2.4 Spectrum loading 
Three specimens were tested under spectrum loading.  But a different pre-cracking method 
was applied in each case as follows:  
 
1.  CP+Spectrum (Specimen 4B), 
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2.  CPCA+Spectrum (Specimen 5A), and 
 
3.  TPCA+Spectrum (Specimen 5B) 
 
The spectrum was a version of Mini-Falstaff [116, 117] designated “Mini-Falstaff+” where the 
“+” indicated that the mean load of the spectrum was raised such that the entire sequence 
was tension and scaled at a global load ratio (R) of about 0.1.  The normalised sequence is 
shown in Figure 78.  The peak load was scaled to 8.90 kN. 
 
 
Figure 78 : Mini-Falstaff+ normalised sequence 
7.3 Analysis and interpretation of constant-amplitude data 
7.3.1 Constant-amplitude loading (R=0.1) 
The crack growth rate results at R = 0.1 for specimens 1B, 2B and 4A are shown in Figure 79.  
Specimen 1B was tested under ASTM load reduction to threshold and that was followed by 
constant amplitude loading commencing from approximately the point where the load 
reduction test had begun (in terms of ΔK level).  Specimen 2B was tested under very similar 
conditions, except the load reduction was in accordance with Wu’s constant CMOD 
approach.  Specimen 4A was tested under K increasing conditions (no load reduction) 
starting at ΔK = 7.0 MPa√m which is slightly above the threshold of ΔK = 6.0 MPa√m 
observed with specimen 2B under the Wu load reduction method.  Specimen 4A was also 
subjected to a spike overload, then a load increase, and then another spike overload.  Rate 
changes associated with these events are clearly evident in Figure 79.    
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Figure 79: Crack growth rate as a function of ΔK for R=0.1 
The results for the specimen 1B test were consistent with expectation.  A threshold at ΔK= 7.0 
MPa√m was determined, and the CA loading produced an upper portion of the rate curve 
which followed the expected general shape (see Figure 79).  
 
The specimen 2B test under Wu LR produced a lower threshold at about ΔK = 6.0 MPa√m.  
The CA portion of the 2B test demonstrated an interesting behaviour.  As shown in Figure 
79, the rate at the start of the CA portion at a ΔK = 8.0 MPa√m corresponded with an initial 
growth rate of 1.5x10-8 m/cycle, which is an order of magnitude faster than the rate 
measured at the start of the LR portion of the test.  As the CA loading progressed the rate fell 
sharply and the data merged with the specimen 1B data.  The spikes in rates and rapid drop 
in rate for the 4A test are consistent with the overloads and load level increases which 
occurred in that test.  
 
Measurements of crack opening loads were available, so these results were analysed in order 
to better understand the observed behaviours.  Back-face strain based compliance data have 
been demonstrated to provide reliable measurements of the crack opening loads at low R 
[34].  The approach is based on Elber’s reduced strain method [105]. These data were 
collected and analysed for R=0.1 and 0.4 loading. 
 
The ratio of crack opening load to the maximum load (Po/Pmax) was calculated from the 1% 
and 2% compliance offset values (OP1 and OP2, respectively) measured using the Fatigue 
Technology Associates (FTA) Crack Monitoring System [79].  The zero percent offset crack 
opening load ratio (OP0) is calculated as follows: 
 
 OP0 = 2 OP1 – OP2                        (6) 
 
The results for specimens 1B and 2B at R=0.1 loading are shown in Figure 80.  The data 
indicate that the crack opening load rises sharply as the crack grows from the notch, peaking 
at Po/Pmax ≈ 0.7-0.8 at a crack length to width (c/w) ratio of about 0.4, before settling at 
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approximately a steady-state condition of Po/Pmax ≈ 0.5 over the range 0.5 ≤ c/w ≤ 0.75.  As 
has been observed previously, the opening values drop for very deep cracks, beyond about 
c/w=0.75.  The two load reduction methods did not show a strong difference, although the 
opening loads under the Wu LR method were generally about 10% lower than the ASTM 
method. 
 
Figure 80 : Measured crack opening loads at R=0.1 CPLR tests 
The initial crack growth testing on specimen 4A was conducted under K increasing CPCA 
conditions (no load reduction), starting at a ΔK level of around 7.0 MPa√m which is slightly 
above the threshold (around 6.0 MPa√m at R=0.1).  Later, the specimen was subjected to 
spike overloads and a CA load increase, as discussed earlier.  The measured opening loads 
are plotted in Figure 81.  These data show that the sharp rise in the opening load level near 
the notch occurs regardless of whether the load is reducing or is constant.  Under CPCA 
loading, the opening load level (0.4 to 0.6) did not go as high as that for the load reduction 
cases (0.7 to 0.8).  But there was a sharp rise from about 0.4 to 0.6 at a crack length of about 
13-15 mm, c/w = 0.35-0.38.  An examination of the fatigue surface revealed a significant 
asperity of about 1.5 mm in height on one side at about that size (see Figure 82) suggesting 
that roughness-induced closure may be the cause for the rapid rise in the opening load.  The 
fatigue crack surfaces (see Figure 82) in this material are very rough, with the crack path 
diverting significantly at various stages and places across the crack front.  The crack path can 
deviate by at least 45 degrees from perpendicular to the primary load path direction at times, 
but the overall behaviour remains flat and through thickness, i.e. Mode I.  The application of 
the first overload essentially arrested the crack and the rapid drop in the opening load, 
slightly after the first overload, was caused by a CA load increase of about 30%, after which 
the crack began to grow more rapidly.  The remotely measured crack opening load values 
did not reflect the crack growth delay after the first overload (i.e., high opening loads and 
low Keff values).  It was suspected that, after the first overload, the Keff values would have 
been much closer to threshold conditions and promote near crack arrest.  But the second 
overload of the same magnitude did not have a significant effect on crack growth delay and 
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only a minor effect on opening values.  A major concern was whether the remote method 
was able to measure the correct opening load values after the overloads.  Further study is 
required to measure opening loads using local methods [19]. 
 
Figure 81 : Measured crack opening loads at R=0.1 CPCA with overloads 
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Figure 82 : Crack surface LED scan on specimen 4A showing significant 1.5 mm asperity (circled) at 
a crack length of about 13-15 mm. 
7.3.2 Constant-amplitude loading (R=0.4) 
The crack growth rate results for specimens 3A and 3B are shown in Figure 83. 
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Figure 83 : CPLR/CA results at R=0.4, specimens 3A and 3B 
Specimen 3A was initially a CPLR test under ASTM load reduction and a very interesting 
behaviour was observed.  The LR part of the test started at about ΔK= 10.8 MPa√m and a rate 
of 2.0x10-8 m/cycle.  As shown in Figure 84, the test initially progressed as expected, 
suggesting that a threshold (as per the ASTM definition) would be found at close to ΔK= 6.0 
MPa√m.  A growth rate close to the ASTM threshold definition of 10-10 m/cycle was 
eventually observed, but the test was continued.  The crack did keep growing (slowly) and 
the automated control system dropped loads (also slowly).  The rate recovered somewhat, 
getting back up to 8.0x10-10 m/cycle before falling sharply to 3.3x10-11 m/cycle (well below 
the ASTM definition of threshold) at ΔK= 5.25 MPa√m.  The rate plot shown in Figure 84 
shows a very clear asymptotic behaviour suggesting that this time a clear and definite 
threshold had been reached.  During this final stage the measured rates fluctuated up and 
down as the crack continued to grow and the loads were slowly reduced.  The behaviour 
could be described as ratcheting. 
 
Following this LR threshold part, the loading was changed to CA, starting slightly above the 
measured threshold.  As shown in Figure 84 the rates increased reasonably consistently with 
the measurements obtained during the load reduction phase.  At the end of the test, the 
applied stress-intensity range was very close to where the test started, i.e. around 10.8 
MPa√m.  But the steady-state growth rate was about 7 x 10-9 m/cycle which is about 1/3 of 
the rate measured at the start of the test.  A factor of 3 in rate is considered significant.  A 
possible explanation for this behaviour is suggested later in this section. 
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Figure 84: CPLR/CA results at R=0.4, specimen 3A 
Specimen 3B was also a CPLR test, but this time the LR was in accordance with the Wu et al. 
approach [86].  Like the test on Specimen 3A, the LR test initially appeared to be working 
toward a particular threshold of about ΔK = 5.0 MPa√m.  As shown in Figure 85, a measured 
rate very close to (within 10%) of the ASTM threshold condition of 10-10 m/cycle was 
observed at ΔK = 5.29 MPa√m.  But again the test was continued, and the ratchetting type 
behaviour occurred again.  Eventually the test achieved a growth rate of 6.0x10-10 m/cycle at 
ΔK = 4.38 MPa√m.  Readings had been fluctuating above and below the ASTM threshold 
definition rate, and about 28 million cycles had been applied.  The test had been running for 
about 3 weeks by that stage.  Allowing the test to continue further to see if an even lower 
threshold would be found was considered, but there was also the need to complete the test 
program in a reasonable time-frame.  The CA loading portion of the test was carried out 
next. 
 
This time the CA loading was commenced at ΔK of just under 8 MPa√m, which is very close 
to where the original LR portion of the test had begun.  Once again a very interesting 
behaviour was observed.  The initial growth rate at the start of the CA loading was very 
high, 3.5x10-8 m/cycle, which is an order of magnitude higher than the rate that was 
observed at the start of the load reduction.  As shown in Figure 85, the rate dropped very 
sharply and then a steady-state condition was reached.  The shape of the rate curve after that 
was somewhat unexpected, in that a flat “plateau” of about 4-5x10-9 m/cycle in the range ΔK 
= 8-12 MPa√m was observed, after which an inadvertent overload was applied.  The spike 
overload affected results have been removed around 12-16 MPa√m, but the data in the upper 
portion as per Figure 85 are considered to be valid. 
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Figure 85 : CPLR/CA results at R=0.4, specimen 3B 
Back-face strain compliance-based measurements of the opening load were also recorded 
and analysed for the R=0.4 tests (3A and 3B).  The results are shown in Figure 86.  As 
occurred for the R=0.1 tests, the opening load rises as the crack grows out of the notch, albeit 
more slowly.  There was not a significant difference between the ASTM (3A) and Wu (3B) LR 
methods in terms of the opening loads.  
 
For the 3A test, the CA loading commenced at a load level close to where the LR had 
finished, i.e. at close to threshold.  As a result the opening load started out at about the same 
level as at the completion of the LR.  The rate started out at about the same level too, as 
expected.  By the end of the test, however, the rate was about a factor of 3 lower at the same 
load level (ΔK=10.8 MPa√m) compared to the start of the test.  The opening load 
measurements are consistent with that observation.  The opening load was about 10% higher 
than near the start of the test, so the effective applied stress intensity factor range would be 
lower, which is consistent with the observed rate.  These observations suggest a build-up of 
closure (likely due to roughness) as the crack grows. 
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Figure 86 : Measured crack opening loads at R=0.4 CPLR/CA tests, specimens 3A and 3B 
The crack-closure concept cannot, however, explain all of the observations.  In the case of 
Test 3B, at the end of the LR portion, the CA loading was commenced at an applied stress 
intensity factor range about where the LR had begun.  Given that the absolute level of the 
crack-opening load would not be expected to change instantly, the drop in Po/Pmax in Figure 
86 is expected.  However, the initial Keff during the higher load was estimated to be about 
16% higher than at the start of the LR loading, thus only a factor of 2 higher rate would be 
expected under CA loading.  But as described earlier and as per Figure 85, the initial rate at 
the start of the CA portion was an order of magnitude higher than the LR loading.  And the 
rate then dropped very sharply, in a region where the measured opening level was fairly 
steady.  If the opening level was steady and the applied loading was CA, then the rate 
should have stayed steady or increased slowly as the crack grew, thus increasing the applied 
ΔK.  So closure cannot explain the sharp drop in rate observed at the start of the CA loading.  
Thus, the material around the crack front may have had prior damage due to the small stress 
amplitudes being applied for a very large number of cycles (~28 million) in reaching a 
threshold condition.  The prior damage behaviour is also consistent with the ratcheting 
behaviour observed near threshold conditions. 
 
Changes in closure might, however, still explain the very high initial rate and decay 
observed here when changing from LR under threshold conditions to CA at some higher 
load, as has been observed in several tests.  But the measured crack-opening loads under CA 
loading would have had to be much higher than those currently measured.  The measured 
crack-opening loads for the R=0.4 cases are similar to or lower than those for R=0.1 case, 
which is unexpected.  The measured opening loads at R=0.4 are expected to be less accurate 
because there is a smaller portion of the load-strain record to analyse and remote methods 
have been found to be less accurate at higher R values. Further study is needed. 
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7.4 Plasticity closure analytical model development 
7.4.1 ΔKeff against crack growth rate curve 
The key input for a FASTRAN crack growth analysis is the crack growth rate versus effective 
stress intensity factor range relationship.  The concept is based on the principle that the data 
for a range of stress ratios should collapse onto a single unique ΔKeff curve for all R.  In this 
case, the measured opening load data as discussed earlier were used to identify the unique 
curve as shown in Figure 87.  Only the R=0.1 and 0.4 tests recorded crack-opening levels.  In 
Figure 87, the upper region data collapsed very well, but a large amount of scatter was 
observed in the low-rate regime.  Here the accuracy of measuring the crack-opening loads at 
the very low K levels may be suspect.  In addition, the selected “Baseline” curve and a 
simple power law relation are also shown.  
 
 
Figure 87 : Effective stress intensity factor against rate for β-Ti-6Al-4V ELI material determined from 
opening load measurements  
An analysis using the DKEFF code [7] was also performed.  Because of the very rough 
fracture surfaces produced by this titanium material, a low value of constraint factor, α, was 
expected to be required in this case.  A value of α=1.5 was used.  The results from the DKEFF 
code at α=1.5 are shown in Figure 88.  The measured baseline curve is very conservative in 
the low-rate regime, but slightly unconservative at high rates.  In the high-rate regime, the 
ESE(T) specimens have shown an unexpected drop in the crack-opening loads for deep 
cracks [16].  An analysis was also performed using α=1.0 and the data collapsed onto a 
tighter band, as shown in Figure 89.  The measured opening load data includes roughness 
and debris effects, whereas, the modelling has plasticity effects only.  The results suggest that 
low values of α are required, compensating for a lack of explicit modelling of roughness 
induced crack closure in FASTRAN. 
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Figure 88 : Effective stress-intensity factor against rate for β-Ti-6Al-4V ELI material determined by 
DKEFF analysis at α=1.5 and measured baseline curve 
 
Figure 89 : Effective stress intensity factor against rate for β-Ti-6Al-4V ELI material determined by 
DKEFF analysis at α=1 
The measured baseline Keff-rate data curve is given in Table 6. 
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Table 6 : Effective stress-intensity factor range against rate relation for β-annealed Ti-6Al-4V ELI 
B=6.35 mm 
 
ΔK, MPa√m dc/dN, m/cycle 
1.65 2.54E-11 
2.75 2.54E-10 
4.40 1.02E-09 
5.49 2.54E-09 
8.79 7.62E-09 
12.09 2.54E-08 
21.98 2.54E-07 
43.95 2.54E-06 
 
7.4.2 Constraint factor α 
Measured crack opening data were used to help determine the appropriate value of the 
three-dimensional constraint factor α.  The data from Test Specimen 1B at R=0.1 were 
compared with FASTRAN analysis at two values of α, i.e. 1.5 and 1.8, as shown in Figure 90.  
The test showed a substantial rise in crack opening due to the load reduction and the effects 
persisted into the constant amplitude segment. 
 
Figure 90 : Crack opening load comparison at R=0.1 
The region where c/w is between around 0.55 and 0.75 is considered to be the most 
reasonable data where there is minimal influence from either the load reduction or edge 
effects.  In that region, the use of α=1.5 provided the best correlation.  This suggested that a 
low value of constraint was required in order to account for the roughness closure 
contribution. 
 
7.5 Combined plasticity and roughness closure model 
A combined modelling approach was needed to account explicitly for the roughness 
contribution to closure, at least under constant amplitude loading.  Back-face strain 
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compliance based data have been demonstrated to provide reliable measurement of crack 
opening loads at low R [34].  The approach was based on Elber’s reduced strain method 
[105].  This was applied for the R=0.1 and 0.4 tests.  These data provided the basis for 
development of the combined plasticity and roughness modelling approach detailed in this 
Thesis. 
 
Zhang et al. [10] developed an approach that combines the Dugdale plasticity model [11] 
with the Suresh and Ritchie model [31].  Since FASTRAN is based on the Dugdale model, but 
modified to leave a wake of plastically deformed material in the wake of the crack, it was 
considered appropriate to build on that approach.  The key parameters which need to be 
determined are as follows: 
 
γ, fracture surface roughness factor, γ = h/w                      (7) 
 
 where: 
 
h = asperity height and  
w = asperity separation, assuming a triangular wave-form 
 
χ = Mode II/ Mode I ratio, where 
 
χ = uII/uI ≈ KII/KI                                                                         (8) 
 
As per [10], the crack driving force U1 is defined according to: 
 
U = (Kmax - Kop)/(Kmax - Kmin)                                                        (9) 
 
Where Kop = crack opening stress intensity factor 
 
Eq. 9 is used to determine the ratio of the opening load to the maximum load, i.e. Pop/Pmax 
 
As per Eq 10b in [10], the crack driving force, U, is given by: 
 
𝑈 =
1−√[1−(1−𝑅)𝑈
𝑃]2+
4𝛾2𝜒
(1+2𝛾𝜒)√4𝛾2+1
(1−𝑅)
                                                                                              (10) 
 
where UP is the crack driving force arising from pure plasticity closure only, determined in 
this case using FASTRAN. 
 
Test results from Specimen number 1B [37] were used to develop the model.  Specimen 1B 
was subjected to Compression Pre-cracking followed by Load Reduction to threshold 
(CPLR), then Constant Amplitude (CA) loading at R=0.1.  The fracture surface from that 
specimen is shown in Figure 91.  The rough and tortuous nature of the fracture surface is 
clearly evident. 
 
                                                     
1 U can also be defined as the effective stress intensity range ratio 
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Figure 91 : Fracture surface from specimen 1B 
A Bruker NPflex Optical Profiler 3D Metrology system (see Section 6.3.3 for details) was 
used to quantify the crack surface profile.  The system is based on the interferometer method 
of measurement using green and white Light Emitting Diodes (LEDs) and it has a vertical 
resolution of 0.15 μm.  The Bruker system separates the data into waviness and roughness, 
where the waviness represents the significant long wavelength, low frequency component, 
and the roughness is the short wavelength, high frequency component.  Signal processing 
using a Fourier Transform approach produced a similar separation.  The frequency for the 
waviness and roughness components were about 0.5 and 4 cycles per mm respectively.  The 
results in this case are detailed in Figure 92. 
 
With the surface profile now defined, it was possible to determine γ and χ as a function of 
crack length, Kmax or ΔK.   This is an extension of the Zhang etal. model.   Other researchers 
such as Kim and Lee [25] have found that a relevant relation can be found between a global 
measure of roughness such as Ra and the applied maximum stress intensity factor Kmax.  The 
approach taken here was to determine if a Kmax relationship could be determined based on 
the mixed mode II/I stress intensity factor ratio χ, and the calculated fracture surface 
roughness factor, γ = h/w, for a crack growing in a zig-zag (rough) manner.  This would 
allow the separate calculation of the roughness and plasticity components.  It is apparent 
that perfectly smooth crack faces would result in zero values for χ and γ for any value of Kmax 
and so the roughness component of crack closure would also be zero.   
 
Calculation of γ for each individual asperity is straightforward.  The calculation of χ is more 
challenging.  The approach taken was to quantify the mixed-mode stress intensity ratio at 
significant asperity points on the zig-zag crack path.  When the crack is at an angle other 
than perpendicular to the loading direction then a mixed mode II/I stress intensity factor 
will exist.  This mixed mode stress intensity ratio, χ, was calculated from a Boundary 
Element Model (BEM) of the specimen created with the FADD2D code[97].  BEM models of 
the waviness and roughness cases were created and analysed separately which revealed that 
reasonable and expected values of χ (as per [10, 31]) could only be obtained from the 
roughness case.  Waviness alone produced an almost zero value for χ, so the low frequency, 
long wavelength nature of the waviness alone does not contribute to the mixed mode stress 
intensity factor ratio.  Further, the absolute value of χ was calculated, so sign was ignored.  
The assumptions are summarised here are as follows: 
 
a. The profile for each mating zig-zag crack face was assumed to be the same. 
 
b. Mating surface contact, sliding and friction were inherently part of the Zhang model. 
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c. The mixed mode II/I stress intensity factor ratio χ which is assumed to approximate 
the mixed mode II/I displacement ratio uII/uI was calculated from the BEM. 
 
d. The fracture surface roughness factor, γ = h/w was calculated for each individual 
asperity from simple geometry. 
 
 
 
(a) (b) 
 
 
 
 
(c) (d) 
Figure 92 : Optical profile results for Specimen 1B; (a) Oblique image, (b) Mid-plane profile, (c) 
Waviness, and (d) Roughness 
The data were plotted and, despite the considerable scatter, as a first approximation a linear 
fit was determined as shown in Figure 93.  The scatter reflects the very uneven nature of the 
rough crack surface profile.  But a clear trend of a reduction in Χ and γ as the crack grew was 
evident.  The simple linear fit enabled the model to be used to determine an average crack 
opening load and as will be shown next the results did compare reasonably well with 
measured data. 
 
  
(a)  (b) 
Figure 93 : Determination of (a) χ,  and (b) γ as a function of Kmax 
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The final step was to use the γ and χ relations along with Equations 4 and 3 to determine the 
crack opening loads.  The results are compared in Figure 94 with the measured data from 
[37].   The present model shows a clear and steady reduction in the crack opening load as the 
crack propagates and a similar trend is also observed with the measurements. 
 
 
Figure 94 : Comparison of crack opening load results 
7.6 Plasticity closure analysis results and comparisons 
7.6.1 Spike overload 
The FASTRAN analysis used the baseline rate curve described earlier.  Previous experience 
has shown that variable constraint factors are required to account for the loss in constraint 
that occurs as the crack grows.  In the early stage, when constraint is high, like plane-strain 
conditions, data analyses indicate that the constraint factor, α, would be around 1.8 to 2 for 
some titanium alloys.  But in the case of the coarse-grained titanium alloy, a lower constraint 
factor would be required to account for the roughness induced component of closure that is 
not explicitly modelled in FASTRAN.  Based on prior experience with the 7050-T7451 
material, which also exhibited a very rough crack surface [36], a lower constraint factor, 
α=1.3, was used and held constant over the complete range of data.  The lower constraint 
factor was found to collapse the mid-range data in Figure 89 onto nearly a unique curve, but 
variations with R were still present in the near-threshold regime.  Further study is needed to 
determine the proper constraint factor and the appropriate Keff-rate curve. 
 
The result from the unintended overload applied to specimen 3B compared with a 
FASTRAN Version 5.42 analysis is shown in Figure 95.  The analysis was run at constraint 
values of 1.5 and 1.8.  As for the test, the overload was applied in the analysis at a crack 
length of 27 mm.  As expected, the analysis with lower constraint produces slower crack 
growth and longer life than at higher constraint.  This is because the lower constraint factor 
will result in an elevation of the crack opening level as seen in Figure 94, which will therefore 
reduce the effective ΔK range and therefore produce slower crack growth, more delay and 
longer life.  In terms of initial constant amplitude crack growth behaviour, the lower 
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constraint factor of α=1.5 produces a better correlation which is consistent with the crack 
opening measurements and observations discussed earlier.  But both analyses over-
estimated the amount of delay produced by the overload.  The amount of delay will be 
strongly influenced by the threshold modelling and there was significant uncertainty/scatter 
in that region as seen in Figure 87.  
 
In the analysis, the overload was applied at a crack length near that which applied to the test 
case, but the analysis tended to over predict the influence of the overload (i.e., more delay 
due to a lower constraint factor).  
 
Figure 95 : Crack growth comparison under factor 1.88 spike overload 
The result from the specimen 4A case with two overloads and a load level change compared 
with a FASTRAN 5.42 analysis is shown in Figure 96.  Again, the lower constraint value of 
1.5 produced a better correlation for the initial growth before the overload.  The FASTRAN 
analyses did not predict as much delay from the overload as occurred in the test, again most 
likely due to scatter/uncertainty in the threshold region.  The baseline rate curve was very 
conservative in the low-rate regime and the model does not explicitly account for roughness 
and/or debris effects.  The FASTRAN analysis shown in Figure 96 did not account for the 
load level increase and the second overload.  A separate analysis was conducted for the 
second overload part and that is discussed next. 
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Figure 96 : Crack growth comparison for first spike overload on specimen 4A 
A separate FASTRAN analysis was performed to compare the part where the load level was 
increased and the second overload was applied on specimen 4A.  The analysis consisted of 
constant amplitude loading at the appropriate level, with an initial crack size of 16.25 mm 
and the factor 2.1 overload applied when the crack length reached 20 mm.  The result was 
shifted by adding 4.16x106 cycles to account for the point in the test where the crack growth 
resumed after the first overload.  This was done to provide a relevant comparison.  The 
results are shown in Figure 97.  The modelling matched the crack growth under the higher 
CA loads well, but the delay region due to the overload was again over predicted.  The 
FASTRAN model was also used for the spectrum loading cases which are discussed next. 
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Figure 97 : Crack growth comparison for second spike overload on specimen 4A 
7.6.2 Spectrum loading under mini-Falstaff+ loading 
The results from the three spectrum loading tests (4B, 5A and 5B) are shown in Figure 98.  
Analysis using FASTRAN Version 5.42 with α=1.5 compared very well with the first 
spectrum test, specimen 4B, which was subjected to compression pre-cracking followed 
immediately by spectrum loading.  The same analysis also compared very well to the next 
case which was specimen 5A subjected to the compression pre-cracking followed by a period 
of constant-amplitude loading to grow the crack to 14 mm in length, and then spectrum 
loading. 
 
Test 5B, however, produced a significantly shorter life and faster crack growth than the 
analysis, see Figure 98.  Test 5B was subjected to tension pre-cracking followed by constant 
amplitude growth (also to a crack length of 14 mm as per specimen 5A).  The faster initial 
rates in Test 5B than 5A may have been caused by the prior fatigue damage mechanism due 
to tensile pre-cracking, as observed in the other tests on the coarse-grained titanium alloy. 
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Figure 98 : Comparison of test results and FASTRAN analysis for Variable Amplitude Spectrum 
loading case under mini-Falstaff+ 
An analysis was then conducted using Version 5.42 of FASTRAN and α=1.8 or 1.5.  The 
analysis this time was conducted using a cycle-by-cycle approach (NMAX=1) which is more 
computationally intensive and time-consuming, but is known to produce a more accurate 
result.  The comparison is shown in Figure 99.  
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Figure 99 : Comparison of test results and FASTRAN V5.42 analysis for variable amplitude spectrum 
loading case under mini-Falstaff+ 
The analysis result as shown in Figure 99 demonstrates that a higher value of constraint like 
α=1.8 produces a significantly more accurate correlation for this material under spectrum 
loading.  A three-dimensional constraint value of α=1.8 is consistent with estimations based 
on three-dimensional elastic-plastic finite element analyses [14, 15].  The higher constraint 
value is, however, not consistent with the constant-amplitude loading cases which require 
either a low constraint value like α=1.5, or a combined roughness and plasticity model where 
the plasticity component uses α=1.8.  
 
7.7 Discussion 
7.7.1 Rate properties 
Fatigue crack growth testing on 38 mm wide, 6.35 mm thick, ESE(T) specimens machined 
from β-annealed Ti-6Al-4V ELI thick plate in the L-T orientation produced very rough and 
faceted crack surfaces.  However, the overall cracking behaviour was flat and straight 
through the thickness.  Accurate compliance-based measurements of crack length were 
achieved.  The compliance method was also used to measure crack closure behaviour (i.e., 
crack opening loads).  The aim of the program was to characterise the baseline crack growth 
rate properties for the coarse-grained material, and to produce spike overload and spectrum 
test data to correlate against a FASTRAN crack growth model.  The test program had 10 
ESE(T) specimens available, but despite that limitation, a significant range of very useful 
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data was produced.  Constant amplitude (CA) loading tests at R=0.1, 0.4, 0.7 and 0.85 
enabled the rate properties to be determined across six orders of magnitude in rate from 
threshold to near fracture.  
 
7.7.2 Threshold and load reduction 
As discussed in Section 2.7, the threshold and near threshold properties are of critical 
importance, so that region was investigated in some detail.  The conventional approach 
suggested by the ASTM E647 guidelines involves tensile pre-cracking followed by load 
reduction to determine the threshold.  Herein, the compression pre-cracking method was 
also used to minimize the effects of load history on near threshold behaviour.  One of the 
advantages of the compression pre-cracking method is that the load reduction can begin at a 
lower rate typically than the tension pre-crack method would require.  The amount of load 
reduction and history effects involved are therefore reduced.  Two load reduction methods 
were also applied: the standard ASTM E647 approach and a constant CMOD method, 
suggested by Wu et al.  The Wu method was found to produce generally lower opening 
loads and lower thresholds than the ASTM load reduction approach. 
 
In the R=0.4 CA cases, in particular, the threshold testing revealed an interesting and 
important behaviour.  Even if the ASTM threshold definition rate was achieved (or very 
nearly achieved), and the test was nevertheless continued, crack growth rates were found to 
increase by up to an order of magnitude.  A period of ratcheting to lower stress intensity 
factors then followed, during which the rates fluctuated up and down until eventually a 
clear threshold was obtained.  A possible explanation for this behaviour is that fatigue 
damage is occurring within grains or grain boundaries ahead of the crack front such that 
they are incurring “prior damage” during the application of a very large number of cycles at 
low-stress amplitudes.  This “prior damage” does not initially manifest as measurable crack 
growth, but at some stage sufficient damage accrues to allow the crack to advance 
sufficiently to register in the compliance-based measurement system.  The “prior damage” 
might be characterised by plastic deformations occurring at a very local level on the rough 
crack profile.  
 
7.7.3 Closure measurements 
Because the number of test specimens was limited, further testing was carried out on each 
specimen once the threshold was determined.  At that point, CA testing was conducted 
either by resuming at a higher stress-intensity factor range to obtain the upper portion of the 
rate curve, or by testing from the threshold regime under low CA loads.  After reaching 
threshold conditions and applying a higher CA loading, there was typically a short, sharp 
period of elevated crack growth rates, after which the rates settled down to steady state 
values.  The elevated rate could not be fully explained by the measured crack opening load 
data, but was consistent with the “prior damage” explanation.  The change in opening load 
might explain the sudden increase in rate, but not the sudden drop also (measured opening 
loads staying constant for example), unless the remote measurement method was not 
sensitive enough to record local crack closure behaviour. 
 
The “prior damage” concept may also help to explain why the FASTRAN model did not 
predict crack growth as well as in the case of tension pre-cracking followed by constant 
amplitude then spectrum loading.  The FASTRAN model predicted the cases involving 
compression pre-cracking very well.  In those cases, there would be much less, if any, prior 
damage ahead of the crack front due to the closed crack surfaces under compressive loads 
and the smaller effects of the tensile residual stresses than the tensile pre-cracking loads. 
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In the case of specimen 4A, which was subjected to constant amplitude loading only at R=0.1 
(no load reduction), the crack opening loads were found to be lower than the load reduction 
tests.  Also, in that case there was a significant rise in crack opening at one point that could 
not be explained by plasticity-induced closure.  The rise corresponded with the development 
of a very significant asperity on the crack surface, strongly suggesting that roughness 
induced closure was the cause.  
 
Despite the fact that FASTRAN only includes explicit modelling for plasticity-induced 
closure, the model correlated the CA data very well over a wide range in load ratios (except 
for the threshold region), tended to slightly over predict the spike overload effects, and 
predicted most of the spectrum loading cases very well.  But an artificially low value of the 
plastic constraint factor (α) was needed in the analyses.  Effectively, the lower than expected 
value of constraint served to elevate the crack opening levels in order to account for non-
plasticity induced closure, i.e. roughness induced closure in this case. 
 
7.8 Summary for extremely rough crack surface material Beta-annealed Ti-
6Al-4V ELI 
A test program involving a limited number of coupons (6) was carried out to produce 
baseline rate characterisation data from threshold through to fracture for a range of stress 
ratios for a coarse-grained, high-strength titanium alloy.  Non-traditional methods involving 
compression pre-cracking, opening load measurements and alternative load-reduction 
approaches were investigated.  The baseline data were used to develop an improved 
analytical model for crack growth under variable amplitude loading.  The improved model 
was evaluated against further test results (another 4 coupons for a total of 10) involving 
spike overload and spectrum loading.  The analyses correlated very well with the test data 
for most cases, although an artificially low value of constraint was required to compensate 
for the lack of explicit non-plasticity closure modelling in the FASTRAN code at present.  
Further work is required to better understand the complex behaviours that were observed 
and to facilitate improvements in the analytical model. 
  
Despite the limitations of this program, particularly the relatively small number of test 
specimens, a great deal of very useful data and knowledge has been generated.  A follow-on 
study with a larger number of specimens so that tests can be conducted under CA loading 
conditions only with no load reduction is strongly recommended.  Further study on the prior 
damage fatigue mechanism is needed on the coarse-grained titanium alloy.  In addition, local 
measurements of the crack opening loads would be beneficial in validating whether the 
crack-closure concept would correlate data at various load ratios (R), especially in the 
threshold regime.  Several repeats of the spectrum loading cases to quantify inherent 
variability/scatter are also recommended. 
 
The work reported in [37] found that FASTRAN correlated the analysis to the test data 
reasonably well, but only when the 3D constraint factor α was set to a reduced value of 
around 1.5.  As shown in Figure 90, that raised the crack opening load such that it was closer 
to the measured data.  But a value for α of around 1.8 based on 3D constraint effects alone is 
known to be more appropriate [14, 49].  The combined plasticity and roughness approach 
demonstrated here used α = 1.8 and the results demonstrate an elevated crack opening 
profile similar to that obtained with plasticity only and α = 1.5.  The results presented in 
Figure 94 show that both the plasticity-only model with α = 1.5 and the combined 
plasticity/roughness model with α = 1.8 correlated well with the measured crack opening 
values for 0.55<c/w<0.75. But the test (Specimen 1B) showed a very significant rise in crack 
opening from the notch associated with the Load Reduction (LR) portion and the level 
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gradually declined as the CA loading was applied and it was fairly constant during the 
range 0.55<c/w<0.75. 
 
Since the crack opening load profile for the combined plasticity and roughness model with α 
=1.8 was very similar to that for the plasticity-only model with α = 1.5, and the latter case 
produced good correlations with the other rate and life modelling detailed in [37], it is 
expected that implementation of the combined model into FASTRAN would produce good 
crack growth rate and history predictions with a more appropriate and justified value of 
constraint.  Implementation and verification in FASTRAN will be pursued next.  The 
approach will also be applied to further titanium examples and other materials where 
measured closure data have been collected and roughness closure effects are expected to be 
significant such as aluminium alloy 7050-T7451. 
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8. Investigation of roughness closure differences under 
constant-amplitude compared with spectrum loading 
8.1 Introduction 
The results detailed so far strongly suggested a significant and fundamental difference 
between constant-amplitude and spectrum loading in terms of roughness-induced crack 
closure effects.  But further investigation was required into this behaviour.  Test results based 
on the 7050-T7451 material were available from researchers at DSTO which provided clear 
evidence leading to an explanation.  This section draws on 7050-T7451 test results obtained 
from Mr Michael Jones from DSTO Melbourne.  His assistance in providing the data is 
greatly appreciated.  These data are also compared along with similar data from the other 
three materials under both constant-amplitude and spectrum loading. 
 
One aspect that needs to be considered for this section of the work is the stress ratio R and 
the implications of crack face kinematics.  At high values of R it is very likely that the crack 
faces will remain open during cyclic loading.   This might mean that the crack face properties 
will be very different to a situation at low-R where crack faces and asperity contact is likely, 
resulting in deformation of the crack surface.  So care needs to be taken when interpreting 
the crack face asperity measurements. 
 
8.2 7050-T7451 
8.2.1 Experimental program 
The experimental program was conducted using low-KT dog-bone coupons of 7050-T7451 
similar to those described in Section 6.2.3.  The specimens were tested under a load sequence 
consisting of bands of high-R constant-amplitude loading separated by bands of spectrum 
loading, as shown in Figure 100.  The crack faces may remain open during these high-R 
cycles, but in this case the frequent spectrum cycling which includes loads expected to be 
well below the crack opening load mean that the overall crack faces would be coming into 
contact very frequently.   
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Figure 100 : Marker band sequence 
8.2.2 Results and analysis 
The crack surface was examined using the NPFLEX Optical Profiling microscope.  An image 
from a typical section of crack growth when the crack depth was about 1 mm was obtained 
as shown in Figure 101.  The crack path clearly changes at the transition from constant-
amplitude loading to spectrum loading and back again. 
 
 
Figure 101 : Crack surface image at a crack depth of about 1 mm 
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A two-dimensional plot of crack surface position against crack length for the section of crack 
growth detailed in Figure 101 was obtained and is shown in Figure 102. 
 
 
Figure 102 : Crack surface profile for 7050-T7451 
Sections of the profile from constant-amplitude loading and spectrum loading segments 
were extracted and analysed as detailed in Figure 103 and Figure 104 respectively.  The 
surface roughness Ra was calculated based on deviation from a straight line fit in each case.  
It was found that the surface roughness in the constant-amplitude segment examined was 
0.144 μm compared with 0.0474 μm for the spectrum loading segment.  So the surface 
roughness associated with the constant-amplitude loading was about 3 times as rough as the 
spectrum loading segment. 
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Figure 103 : Crack profile assessment during constant amplitude segment for 7050-T7451 
Figure 104 : Crack profile assessment during spectrum loading segment for 7050-T7451 
8.3 Beta-annealed Ti-6Al-4V ELI 
Optical interferometry results for the β-annealed Ti-6Al-4V ELI material under constant 
amplitude and spectrum loading were also analysed in a similar manner to that described 
previously for the 7050-T7451 material.  The results for a typical small segment of crack 
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growth in the β-annealed Ti-6Al-4V ELI under R=0.1 constant amplitude loading are shown 
in Figure 105.   The local roughness calculation based on deviation from a straight line fit is 
Ra=3.80 µm.  
 
 
Figure 105 : Crack profile assessment during constant amplitude loading for β-annealed Ti-6Al-4V 
ELI 
 
Figure 106 : Crack profile assessment during spectrum loading for β-annealed Ti-6Al-4V ELI  
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The typical profile assessment for a small segment of spectrum loading is shown in Figure 
106.  The local roughness calculation based on deviation from a straight line fit is Ra=0.71  
µm.  So in this case the constant-amplitude local roughness is about 5 times as large as that 
under spectrum loading.  This is consistent with the observation for the 7050-T7451 material.  
 
The smoother crack surface materials, i.e. 7249-T76511 and 7075-T6 were considered next. 
 
8.4 7249-T76511 
Optical interferometry results for the 7249-T76511 material under constant amplitude and 
spectrum loading were also analysed in a similar manner to that described earlier in this 
section.  The results for a typical small segment of crack growth in the 7249-T76511 under 
R=0.1 constant amplitude loading is shown in Figure 107.  The local roughness calculation 
based on deviation from a straight line fit is Ra=0.18 µm.  
Figure 107 : Crack profile assessment during constant amplitude loading for 7249-T76511 
The typical profile assessment for a small segment of spectrum loading is shown in Figure 
108.  The local roughness calculation based on deviation from a straight line fit is Ra=0.14 µm.  
So in this case the local roughness is very similar under either constant amplitude or 
spectrum loading.  This is different to the observed and measured behaviour for the rougher 
crack surface materials, i.e. β-annealed Ti-6Al-4V ELI and 7050-T7451. 
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Figure 108 : Crack profile assessment during spectrum loading for 7249-T76511 
8.5 7075-T6 
Optical interferometry results for the 7075-T6 material under constant amplitude and 
spectrum loading were also analysed in a similar manner to that described earlier in this 
section.  The results for a typical small segment of crack growth in the 7075-T6 under R=0.1 
constant amplitude loading are shown in Figure 109.  The local roughness calculation based 
on deviation from a straight line fit is Ra=0.46µm. 
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Figure 109 : Crack profile assessment during constant amplitude loading for 7075-T6 
The typical profile assessment for a small segment of spectrum loading is shown in Figure 
110.   The local roughness calculation based on deviation from a straight line fit is Ra=0.40 
µm.  So, like the 7249-T76511 material, in this case the local roughness is very similar under 
either constant-amplitude or spectrum loading.  This is different to the observed and 
measured behaviour for the rougher crack surface materials, i.e. β-annealed Ti-6Al-4V ELI 
and 7050-T7451. 
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Figure 110 : Crack profile assessment during spectrum loading for 7075-T6 
8.6 Analysis of roughness observations under constant amplitude and 
spectrum loading 
The local roughness measurements under constant-amplitude and spectrum loading detailed 
in the preceding sections were analysed.  The relationship with the constraint Factor, α, for 
FASTRAN analysis were also considered.  For the four subject materials, a local roughness 
ratio was calculated as the ratio of the local roughness under constant amplitude conditions 
to the local roughness under spectrum loading conditions.  A value of close to 1.0 would 
suggest that they are similar.  The results are detailed in Table 7. 
 
Table 7 : Local roughness ratio comparison 
Material Local roughness ratio: 
CA/Spectrum 
Constraint Factor, α 
CA Spectrum 
7249-T7651 1.28 1.85 1.85 
7075-T6 1.15 1.80 1.80 
7050-T7451 3.04 1.0 2.0 
β-annealed Ti-6Al-4V ELI 5.35 1.5 1.8 
 
The results show a clear trend. For the materials with low crack surface roughness, i.e. 7249-
T76511 and 7075-T6, the local roughness is very similar under constant amplitude and 
spectrum loading.  For the materials which exhibited significant crack surface roughness 
however, i.e. 7050-T7451 and β-annealed Ti-6Al-4V ELI, the local surface roughness was 3-5 
times higher for constant amplitude loading compared to spectrum loading, and an 
artificially low value of constraint factor, α, was therefore required to compensate for the 
lack of explicit roughness-induced crack closure modelling in FASTRAN.  
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A further analysis was performed to quantify the change in constraint factor, α, as a function 
of loading type, varying from constant amplitude to spectrum.  Taking the 7050-T7451 
material as a good example, the concept of a Coefficient of Variation (CV) was devised.  The 
purpose of CV was to provide a measure of the extent to which a particular spectrum varied 
from constant amplitude loading.  The procedure to determine CV is as follows: 
 
1.  Shift the spectrum sequence to have a zero mean. 
 
2.  Calculate the maximum and minimum and Root Mean Square (RMS) value for the 
complete zero-mean load time history. 
 
3. Calculate the “Peak” which is defined as the maximum value of either the spectrum 
positive peak, or the absolute value of the spectrum lowest minimum value. 
 
4. CV=(Peak-RMS)/RMS 
 
In this case only the extreme turning points of the cyclic loading were used in the 
calculations.  That leads to a CV value for a normalised constant amplitude sequence of zero, 
and the extent to which the value exceeds zero is a measure of the variability in the sequence.  
The three sequences applied in the 7050-T7451 material case were TS2 (see Section 6.4.2), 
mini-TWIST (see 6.4.3) and mini-FALSTAFF (see 6.4.4).  The corresponding CV values and 
constraint factor, α, are shown in Figure 111 and Table 8. 
 
Figure 111 : Relationship between constraint factor and spectrum Coefficient of Variation (CV) 
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Table 8 : CV and α for 7050-T7451 spectra 
Spectrum CV α 
TS2 2.53 2.0 
Mini-TWIST 3.45 2.0 
Mini-FALSTAFF 3.78 2.0 
CA 0.00 1.0 
 
 
8.7 Summary of constant amplitude compared with spectrum loading 
effects 
The mechanism behind crack path changes caused by periodic under-loads in 7050-T7451 
was investigated by White et al. [43].  They found that under loads promote slip band 
formation, which reduces the tendency for new slip bands to occur near the crack tip in the 
direction of nearby slip bands.  The path of the crack therefore changes when the loading 
changes either to spectrum loading or constant-amplitude loading at a different mean stress.  
The behaviours are exhibited very clearly for this material under the loading described.  The 
spectrum loading results in continual small changes in the path, although the progression 
does maintain a particular plane.  But the result is significantly higher level of surface 
roughness locally during constant amplitude bands compared with spectrum loading bands.  
This difference in physical roughness is consistent with separate observations of elevated 
closure under constant-amplitude conditions compared with spectrum loading.  Similar 
behaviour was also observed for the β-annealed Ti-6Al-4V ELI material.  But in the case of 
the materials where overall much smoother crack surfaces are produced, i.e. 7075-T6 and 
7249-T76511, the local crack surface roughness produced during either constant-amplitude 
or spectrum loading was very similar.  
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9. Discussion 
9.1 Constant-amplitude loading 
Under constant amplitude conditions, the crack opening loads measured under similar 
geometry (all through cracks in bend type specimens) and R=0.1 constant amplitude loading 
for all four materials can now be directly compared see Figure 112. 
 
 
Figure 112 : Crack opening load comparison – all four materials, constant amplitude R=0.1, bend type 
specimens. 
 
The trend is very clear, with the rough crack surface materials (7050-T7451 and β-annealed 
Ti-6Al-4V ELI) exhibiting significantly elevated crack opening loads compared with the 
smooth crack surface materials (7249-T76511 and 7075-T6). 
 
Strip-yield modelling using the FASTRAN code with no explicit roughness modelling 
correlated crack growth rates very well for the broad range of crack surface roughness 
materials considered.  For constant-amplitude loading and the smoother crack surface 
materials (7249-T7651 and 7075-T6) this was achieved using values of constraint factor α of 
1.8, which is a value supported by separate three dimensional elastic plastic finite element 
studies, and can be accepted as a realistic and representative value.  But for the rough crack 
surface materials (7050-T7451 and β-annealed Ti-6Al-4V ELI), the FASTRAN correlation 
under constant amplitude conditions could only be achieved using an artificially low value 
of constraint factor α=1.0, see Figure 112.  The low constraint factor had the effect of boosting 
the crack opening loads to account for the contribution due to crack surface roughness.  A 
good correlation could also be achieved for those rough crack surface materials using regular 
FASTRAN plasticity closure modelling with a realistic value of constraint like α=1.8, 
combined with an explicit roughness-closure model.  This was demonstrated by developing 
and extending the Zhang et al. geometric-based model for the β-annealed Ti-6Al-4V ELI case, 
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see Figure 94, and by comparison with published results for the Crapps/Daniewicz modified 
strip yield model in the case of 7050-T7451, see Sections 1.1 and 6.4.1. 
 
9.2 Spectrum loading 
Spectrum loading produced very different results to constant-amplitude loading from a 
crack closure perspective.  It was found that plasticity-only FASTRAN strip-yield modelling 
correlated crack growth under spectrum loading very well for realistic values of constraint 
α=1.8-2.0 for all four materials.  The issue was examined not just in terms of total crack 
progression, but also in terms of crack growth rate during small bands of constant amplitude 
load cycles inserted into a more complex spectrum in the case of the 7050-T7451 material.  In 
the latter case, closure effects were thus inferred.  Further work on that matter in terms of 
detailed analysis of crack surface profile characteristics for small bands of constant 
amplitude and spectrum progression were also considered for the 7050-T7451 material (see 
Section 8).  The cycle-by-cycle crack local crack path changes associated with crack 
progression under constant-amplitude and spectrum loading are fundamentally different, 
and the differences lead to a reduction of roughness-induced crack closure for the spectrum 
loading case.  
 
The question then arises as follows: When does a constant amplitude sequence start to 
behave like a spectrum?  One area considered throughout this work which helps to 
investigate that matter is the case of spike overload testing.  For the titanium alloy, refer to 
the spike overload crack growth results shown in Figure 95 and Figure 97.  During the 
constant amplitude loading portion before the overload was applied, the lower constraint 
factor of α=1.5 correlated the crack growth behaviour well.  But in terms of correlating the 
delay characteristic from the overload, analysis with α=1.8 provided a much better result. 
This suggests that the load interaction behaviour introduced by this spectrum was 
dominated by plasticity-induced closure effects only.  This is consistent with the observation 
that roughness closure effects become less important in a spectrum loading context.  These 
observations are also consistent with the observations by other researchers such as White et 
al. [43], who found that cracks driven by spectrum loading progressed more readily than 
under constant-amplitude loading.  It is also important to note here that even though the 
cyclic loading was tension-tension for many of the cases examined in this Thesis, the 
minimum applied load was below the crack opening load so crack face contact is expected.   
This is important for the case of spectrum loading which includes applied compression 
loads.  The crack faces make contact in both cases.   
 
9.3 Summary of new approach 
The new approach to analysis of fatigue crack growth under spectrum loading accounting 
for roughness closure effects is as follows: 
 
a.  Determine the baseline constant amplitude fatigue crack growth rate properties for 
the material of interest using compression pre-crack methods and careful 
consideration of load-reduction to measure threshold.  Use K-increasing tests 
wherever possible and measure crack opening loads to assist with the identification 
of the rate vs ΔKeff relation.  Determine the curve for the full range from threshold 
through to fracture. 
 
b. Use a combination of crack opening load measurements and modelling with strip-
yield modelling and also either the Zhang etal. model as extended here and/or the 
Crapps/Daniewicz models to correlate the crack opening data under constant 
amplitude conditions.  The extended Zhang etal. and/or Crapps/Daniewicz models 
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may be needed for some materials where roughness closure is important.  This is 
likely where the typical overall crack surface roughness is 20 µm or more.  Please note 
that this value of 20 µm is for the overall global roughness, not a local value. 
 
c. Perform the spectrum loading analysis using strip yield modelling and consistent 3D 
constraint of α=1.8 regardless of any roughness-induced closure effects which may 
have been identified during the constant amplitude rate property characterisation 
aspect.  Constraint loss effects will need to be separately considered for 
configurations like M(T) but not bend type specimens like C(T) or ESE(T).  Cracks in 
actual in-service structures more closely resemble the M(T) configuration rather than 
C(T) or ESE(T), so constraint loss is expected in through thickness cracks in real 
structures.  This was the case for the P-3 aircraft for example [101].   
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10. Conclusion and future work 
10.1 Conclusion 
The aim of this research program was to investigate the role of roughness-induced crack 
closure in fatigue crack growth in high-strength metallic alloy materials under representative 
spectrum loading.  Particular emphasis was placed on the very important threshold region 
where roughness effects are most significant.  Fatigue crack growth tests were conducted on 
four materials with crack surface roughness characteristics ranging from very smooth to 
extremely rough.  The four materials were as follows: 
 
a.  7249-T76511 with typical average overall crack surface roughness Ra=4 µm 
 
b.  7075-T651 with typical average overall crack surface roughness Ra=8 µm 
 
c. 7050-T7451 with typical average overall crack surface roughness Ra=20 µm 
 
d. β-annealed Ti-6Al-4V ELI with typical average overall crack surface roughness Ra=50 
µm 
 
A significant amount of research has been conducted into roughness-induced crack closure 
and many models have been devised.  But almost all of the research to date has considered 
constant-amplitude loading only.  Constant-amplitude loading is significant and important, 
but certainly for aerospace applications the most important case in the end is crack growth 
under realistic and representative spectrum loads.  The most important result from the 
current work is a much better understanding of roughness-induced crack closure effects 
during spectrum loading.  The key finding is that crack surface roughness leads to a rise in 
crack opening level for some materials under constant-amplitude loading, and modelling 
approaches were developed and validated to account for it.  But under spectrum loading 
conditions the roughness closure effects were significantly reduced.  
 
In the case of the 7050-T7451 and β-annealed Ti-6Al-4V ELI materials, which exhibited 
elevated closure due to crack surface roughness during constant-amplitude loading, the 
closure levels during spectrum loading appear to drop to levels consistent with plasticity-
induced closure only.  
 
The continual changes in amplitude and mean stress associated with spectrum loading lead 
to frequent changes in the local near-tip crack path.  But the overall global crack progression 
remained perpendicular to the primary load direction, i.e. Mode I.  The crack surface thus 
produced has significant, fundamental differences compared with the surface produced 
under constant amplitude loading.  The total crack surface is very complex.  The trends 
identified here were observed by linking specific known cycles of constant-amplitude and 
spectrum loading with the physical asperity characteristics at a detailed cycle by cycle level.  
 
The other major achievements are summarised as follows: 
 
a. Evaluated four different methods to determine threshold fatigue crack growth 
characteristics. 
 
b. Identified/confirmed the fatigue crack growth rate characteristics for the four subject 
alloys.  
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c. Evaluated and validated strip-yield modelling under spectrum loading for 4 different 
materials on a cycle-by-cycle basis. 
 
d. Conducted a detailed assessment of crack opening loads for four different materials 
with a range of crack surface roughness characteristics from very smooth to 
extremely rough. 
 
e. Compared Crapps/Daniewicz model results for combined plasticity and roughness-
induced crack closure under constant amplitude loads for 7050-T7451 material. 
 
f. Further developed the Zhang et al. model for combined plasticity and roughness-
induced crack closure and demonstrated the applicability to β-annealed Ti-6Al-4V 
material. 
 
 
10.2 Future work 
Further testing and analysis is needed to better understand the reasons for the significant 
differences between constant amplitude and spectrum loading.  Further experimental work 
under the marker band sequences with bands of constant-amplitude loading should be 
performed where the crack opening levels are directly measured using compliance-based 
methods rather than inferred as was done here.  Also, detailed three-dimensional elastic-
plastic finite element modelling of rough versus smooth cracks, and constant-amplitude 
crack characteristics versus spectrum loading crack profile characteristics is strongly 
suggested. 
 
The approach of using FASTRAN-based plasticity-only modelling with representative 
constraint factors and no accounting for roughness closure needs to be tested against a 
broader set of spectrum case and material types.  
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Appendix A:  Example FASTRAN 5.42 Input and Output 
File 
Input file for 7050-T7451 spectrum loading example case:  
 
MiniFalstaff VariableAMP Loading 
UNIT: 0 
fa18.csp   200 
Al 7050-T7451 
450   521   71000   0.33   1.3   1   1   0   0 
1   0   0.01 
1.78e-010   3.36   0   0   40   5   2   40   0   0 
7   0 
0.57   1e-010 
1   1.3e-009 
2.9   6e-009 
4.2   2e-008 
6   8e-008 
12.5   1e-006 
22   1e-005 
0   -5   1   0   1e-006 
0   0   0   1   8   0   0   1 
0.03   0.0086   8e-006   8e-006   8e-006   8e-006   0   0   0 
0.014 
52   8 
0   0 
8   8   0   0   0   0 
400 
0   0   0   0   0 
HALT 
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Corresponding output file: 
 
0/ 0/   0  0: 0: 0 
 CGAP GUI version 2.02.00 FASTRAN5D (5.42) 
 Analysis run by Walker, Kevin 
  
******************************************************************************* 
* NASA FATIGUE CRACK GROWTH STRUCTURAL ANALYSIS -FASTRAN- CRACK-CLOSURE MODEL * 
******************************************************************************* 
         ********  ***       ****  ********  ***      ***    *     ** 
         *******  *****    ***    ********  *****    *****   **    ** 
         **      **   **  **         **    **   **  **   **  ***   ** 
         **      **   **  **         **    **   **  **   **  ****  ** 
         *****   *******   ***       **    ******   *******  ***** ** 
         ****    *******     ***     **    *****    *******  ** ***** 
         **      **   **       **    **    ** **    **   **  **  **** 
         **      **   **       **    **    **  **   **   **  **   *** 
         **      **   **     ***     **    **   **  **   **  **    ** 
         **      **   **  ****       **    **    ** **   **  **     *  5D (5.42) 
******************************************************************************* 
 
MiniFalstaff VariableAMP Loading                                                 
 
SPECTRUM FILE = fa18.csp                                                                         
TIME LIMIT =  200.0 SECONDS 
 
MATERIAL PROPERTIES:Al 7050-T7451                                                
YIELD STRESS = 0.4500E+03     ULTIMATE STRENGTH = 0.5210E+03 
ELASTIC MODULUS = 0.7100E+05 
 
PLANE-STRAIN SOLUTION:     CONSTRAINT FACTORS: ALP = 1.30 
                           BETAT(tip) = 1.00   BETAW(wake) = 1.00 
                           POISSONS RATIO = 0.33 
 
DKEFF IS ELASTIC: 
   CRACK GROWTH RATES FROM TABLE LOOKUP (NDKTH = 0): 
              DKEFF           RATE 
           0.5700E+00      0.1000E-09 
           0.1000E+01      0.1300E-08 
           0.2900E+01      0.6000E-08 
           0.4200E+01      0.2000E-07 
           0.6000E+01      0.8000E-07 
           0.1250E+02      0.1000E-05 
           0.2200E+02      0.1000E-04 
 
     THRESHOLD EQUATION:  DKo = C3*(1+C4*R)  for +R  &  DKo = C3  for -R 
     THRESHOLD CONSTANTS:  C3 =  0.00   C4 =  0.00 
     FRACTURE TOUGHNESS (TPFC) PROPERTIES:  Kf = 0.400E+02    m = 0.00 
        (Note: C6 and C7 are not used) 
 
 
SURFACE CRACK TENSION: NTYP = 0 AND LTYP = 0 
     SPECIMEN WIDTH = 0.300E-01     THICKNESS = 0.860E-02 
     INITIAL CRACK LENGTH (CI) = 0.80000E-05  INITIAL CRACK DEPTH = 0.80000E-05 
     NOTCH LENGTH (CN) = 0.80000E-05    NOTCH DEPTH = 0.80000E-05 
     NOTCH HEIGHT = 0.000E+00    ELEMENTS ON HOLE AND/OR STARTER NOTCH (NS) = 1 
     FINAL CRACK LENGTH (CF) REQUESTED =  0.14000E-01 
 
PROGRAM OPTIONS:  LFAST = 0   KOPEN = 1     KCONST = 0    INVERT = 0    LSTEP = 1 
  ERR = 0.49E+01  PDC = 0.05  NMAX =    1  NIPT =      0  NPRT =    -5  NDKE = 0 
  DCPR = 0.100E-05 
 
  BLOCK (OR FLIGHT) LOADING:  NFOPT = 8     LPRINT = 0     MAXLPR =    0 
     TOTAL NUMBER OF BLOCKS (OR) FLIGHTS TO BE REPEATED =    4 
     NUMBER OF DIFFERENT BLOCKS (OR FLIGHTS) =    4 
 
     SPECTRUM LOAD SEQUENCE (NFOPT = 8):   MAX STRESS =  0.4000E+03 
 
NOTE: KO/KMAX AND "ELASTIC" SIF BASED ON HIGHEST AND LOWEST APPLIED STRESS IN SEQUENCE 
 min130                                                                          
     NREP =  0   MARKER =     0 
 
 BLOCK   C_crack     A_crack     CYCLES  ALP  KO/KMAX  DKC   DC/DN      DKA   DA/DN 
 
    12 0.90000E-05 0.90396E-05     25633 1.30  0.171   1.77 0.237E-10   1.78 0.246E-10 
    31 0.10000E-04 0.10072E-04     68391 1.30  0.250   1.87 0.338E-09   1.88 0.348E-09 
 134 
    53 0.11000E-04 0.11099E-04    117927 1.30  0.266   1.96 0.366E-09   1.97 0.375E-09 
    75 0.12000E-04 0.12122E-04    169086 1.30  0.322   2.05 0.386E-09   2.06 0.395E-09 
    96 0.13000E-04 0.13143E-04    215974 1.30  0.312   2.13 0.300E-11   2.14 0.307E-11 
   116 0.14000E-04 0.14162E-04    259824 1.30  0.289   2.22 0.345E-10   2.23 0.352E-10 
   . 
   . 
   . 
   . 
   733 0.60466E-02 0.55387E-02   1650254 1.30  0.347  54.70 0.598E-05  51.01 0.449E-05 
   733 0.60678E-02 0.55548E-02   1650292 1.30  0.334  54.85 0.677E-05  51.12 0.508E-05 
   734 0.60891E-02 0.55711E-02   1650688 1.30  0.376  55.01 0.305E-05  51.25 0.229E-05 
   734 0.61104E-02 0.55874E-02   1651025 1.30  0.363  55.17 0.136E-05  51.37 0.102E-05 
   734 0.61297E-02 0.56024E-02   1651257 1.30  0.363  55.17 0.000E+00  51.37 0.000E+00 * 
 
 SPECIMEN FAILED: 
 
  CRACK LENGTH = 0.6130E-02  CRACK DEPTH = 0.5602E-02  TOTAL CYCLES =   1651257 
 
   NFCODE = 4:  KMAX > KIe (ELASTIC SIF AT FAILURE) 
                (KIe =  0.4000E+02) 
 
   CPU (OR CLOCK) TIME =  268.7  SECONDS 
 
******************************************************************************* 
 
